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Abstract	
The	native	ability	of	Clostridium	thermocellum	to	efficiently	hydrolyze	cellulose	and	produce	ethanol	
makes	it	an	attractive	candidate	in	consolidated	bioprocessing.	However,	a	lag	time	up	to	200	hours	in	
batch	precedes	growth	on	glucose	and	fructose.	In	this	study,	two	parallel	carbon-limited	chemostats	
fed	with	increasing	glucose	or	fructose	concentration	and	decreasing	cellobiose	concentration	were	
studied	and	used	to	isolate	C.	thermocellum	growing	on	glucose	and	fructose,	respectively.	Continuous	
cultures	started	growing	on	glucose	after	42	and	43	hours	and	on	fructose	after	105	and	190	hours.	
Feed	with	5	g/l	of	respective	monosaccharide	at	steady-state	resulted	in	<0.03	g/l	residual	glucose	and	
0.5	g/l	residual	fructose	with	biomass	yields	in	gC	cell/gC	substrate:	0.12	±	0.01,	0.20	±	0.01	and	0.17	
±	 0.01	 for	 glucose,	 fructose	 and	 cellobiose.	Higher	 residual	 fructose	may	 indicate	 lower	 affinity	 or	
substrate	 consumption	 rate.	 Lower	 biomass	 yield	 on	 glucose	 coincides	 with	 possible	 bioenergetic	
benefits	of	growing	on	cellobiose	due	to	efficient	substrate	uptake	and	 intracellular	phosphorolytic	
cleavage.	 Acetate,	 ethanol,	 formate	 and	 lactate	 changed	 1.4-,	 0.8-,	 1.3-,	 3.2-fold,	 respectively,	 on	
glucose	compared	to	cellobiose,	which	for	fructose	was	0.7-,	0.6-,	0.7-	and	0.2-fold.	Importantly,	single	
colony	 isolates	 from	 each	 continuous	 culture	 retained	 their	 capability	 to	 grow	 on	 cellobiose	 and	
cellulose.	Maximum	specific	growth	rates	and	lag	times	in	batch	on	a	96-well	plate,	spanned	between	
0.24-0.29	h-1	and	7-27	h	on	glucose	and	0.37-0.44	h-1	and	2-4	h	on	fructose.	These	results	indicate	a	
different	uptake	mechanism	and	metabolism	of	fructose	compared	to	glucose.	Cells	seem	to	evolve	
rather	 than	 adapt	 on	 fructose,	 while	 it	 is	 unclear	 on	 glucose.	 Future	 work	 includes	 genome-wide	
sequencing	analysis,	 RNA	 sequencing	and	 reverse	metabolic	 engineering	 to	 elucidate	what	 cellular	
modifications	are	required	for	growth	on	glucose	and	fructose.		

Furthermore,	 it	 has	 been	 hypothesized	 that	 NADH-dependent	 reduced	 ferredoxin:NADP+	
oxidoreductase	 (nfnAB)	 is	 responsible	 for	 NADPH	 generation	 in	 a	 malate-shunt	 negative	 strain	
(LL1251).	 Gene	 deletion	 of	 nfnAB	 was	 attempted	 and	 unsuccessful	 due	 to	 no	 selection	 of	 LL1251	
DnfnAB	mutants.	This	weakly	indicated	that	nfnAB	is	essential	in	a	malate-shunt	negative	background,	
however	further	investigation	is	required.	
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1. Introduction	

There	 is	 a	 great	need	 to	 find	 substitutes	 for	 fossil	 fuels.	 Lignocellulosic	biomass	 (henceforth	 called	
biomass)	can	be	fermented	to	biofuels	and	used	as	an	energy	supply	within	the	transportation	sector.	
In	future	low-carbon	energy	scenarios,	biofuels	are	foreseen	to	play	a	prominent	role	replacing	fossil	
fuels	 for	 ocean	 shipping,	 aviation	 and	 long-haul	 trucking	 (Dale	et	 al.,	 2014;	 Fulton	et	 al.,	 2015).	 In	
addition	to	reduced	CO2	emissions,	several	environmental,	societal	and	economical	benefits	can	be	
gained	 from	 sustainable	 biofuel	 production,	 for	 instance	 improved	water	 and	 soil	 quality,	 greater	
energy	 security	 and	 potential	 increase	 in	 food	 security	 in	 developing	 countries	 (Dale	 et	 al.,	 2014;	
Demirbas,	2009).	Biofuels	have	the	potential	 to	replace	fossil	 fuels	and	several	pioneer	plants	exist	
today,	however	all	face	the	same	problem	of	producing	cost-competitive	biofuel	(Lynd	et	al.,	2017).		

The	main	challenges	for	biomass	conversion	into	biofuels	are	associated	with	the	recalcitrant	nature	
of	plants	and	their	heterogeneous	composition	(Himmel	et	al.,	2007).	The	plant	cell	wall	consists	of	a	
complex	 heterogeneous	mixture	 of	 cellulose,	 hemicellulose	 and	 lignin.	 Cellulose	 is	 an	 unbranched	
polysaccharide	of	b-D-glucose	units	linked	by	(1à4)	glycosidic	bonds	and	forms	crystalline	cores	that	
are	 highly	 resistant	 to	 enzymatic	 and	 chemical	 hydrolysis	 (Himmel	 et	 al.,	 2007;	 O’Sullivan,	 1997).	
Hemicellulose	consists	of	a	heterogeneous	group	of	branched,	amorphous	polysaccharides	composed	
of	hexoses	and	pentoses	and	is	degradable	by	enzymes	(Scheller	and	Ulvskov,	2010).	Together	with	
non-sugar	components,	such	as	lignin,	the	plant	cell	wall	 is	provided	with	a	chemical	and	structural	
barrier,	on	both	microscopic	and	macroscopic	level,	that	makes	it	difficult	for	microbes	and	enzymes	
to	access	its	structural	sugars	(Himmel	et	al.,	2007).		

Production	of	fuels	and	chemicals	from	biomass	thus	requires	two	processes:	a	deconstruction	of	the	
biomass	 into	 accessible	 sugars	 and	 fermentation	 of	 sugars	 to	 desired	 products.	 Thermochemical	
pretreatment	 and	 enzymatic	 hydrolysis	 are	 the	 main	 processes	 used	 for	 deconstruction.	
Thermochemical	pretreatment	commonly	involves	treating	biomass	with	dilute	acid,	steam	explosion,	
and/or	chemicals	to	reduce	the	physical	and	chemical	barriers	of	biomass	recalcitrance.	Pretreatment	
solubilizes	 lignin	 and	 hemicellulose,	 and	 increases	 cellulose	 surface	 area.	 This	 makes	 cellulose	
accessible	for	enzymatic	hydrolysis	by	cellulases,	which	produces	soluble	sugars	(Himmel	et	al.,	2007;	
Lynd	et	al.,	2002).	As	the	structural	sugars	in	biomass	become	available,	fermentative	microorganisms	
convert	sugars	into	ethanol.	The	biological	processes	that	follow	thermochemical	pretreatment	can	be	
divided	 into	 four	 procedures:	 cellulase	 production,	 hydrolysis	 of	 cellulose	 and	 remaining	
polysaccharides,	fermentation	of	hexoses,	and	fermentation	of	pentoses.	Hexoses	and	pentoses	are	
hydrolysis	products	of	cellulose	and	hemicellulose.	Hydrolysis	can	either	be	cell-free	or	cell	mediated,	
where	the	first	step	requires	a	separate	production	and	addition	of	cellulases.	These	procedures	can	
occur	 separately	 or	 together	 in	 a	 different	 number	 of	 process	 steps.	 A	 separate	 hydrolysis	 and	
fermentation	 (SHF)	 process	 has	distinct	 process	 units	 (which	 is	 equivalent	 to	bioreactors)	 for	 each	
event,	 while	 simultaneous	 saccharification	 and	 fermentation	 (SSF)	 has	 hydrolysis	 and	 hexose	
fermentation	in	one	process	unit.	Pentose	fermentation	can	be	merged	with	hydrolysis	and	hexose	
fermentation,	and	the	process	is	then	called	simultaneous	saccharification	and	cofermentation	(SSCF).	
Finally,	the	remaining	configuration	alternative	is	with	all	events	consolidated	into	one	process	step,	
called	consolidated	bioprocessing	(CBP)	(Lynd	et	al.,	2002).	CBP	eliminates	capital	and	operating	costs	
associated	with	a	dedicated	cellulase	production	step,	as	CBP	microbial	cultures	are	cellulolytic	and	
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fermentative.	Also,	CBP	may	offer	more	effective	biomass	solubilization,	which	would	increase	rates,	
yields	and/or	reduce	the	need	for	pretreatment,	and	thereby	reduce	costs	(Olson	et	al.,	2012).	Today,	
the	 need	 for	 process	 units	 for	 thermochemical	 pretreatment	 and	 enzymatic	 hydrolysis	 constrains	
biomass	processes	from	being	cost-effective	and	competitive.	Therefore,	CBP	emerges	as	a	favorable	
configuration	 compared	 to	 current	 technology	 and	 has	 potential	 to	 achieve	 a	 cost-competitive	
biomass	 processing	 (Lynd	 et	 al.,	 2017).	 One	 promising	 CBP-strategy	 is	 to	 engineer	 cellulolytic	
thermophiles	to	produce	ethanol	at	industrially	relevant	titer,	rate	and	yield	(Lynd	et	al.,	2016).		

A	 CBP-microorganism	 that	 has	 gained	 a	 lot	 of	 attention	 is	 the	 cellulolytic	 anaerobic	 thermophile	
Clostridium	thermocellum.	In	a	comparative	study	with	a	range	of	biocatalysts	including	commercial	
SSF	with	fungal	cellulases	and	Saccharomyces	cerevisiae,	highest	solubilization	yield	was	achieved	with	
C.	thermocellum	(Lynd	et	al.,	2016;	Paye	et	al.,	2016).	The	high	solubilization	efficiency	is	a	result	of	
both	cell-bound	and	cell-free	complexed	cellulase	systems,	called	cellulosomes,	that	efficiently	access,	
bind	and	hydrolyze	cellulose	(Demain	et	al.,	2005;	Lynd	et	al.,	2002;	Xu	et	al.,	2016).	For	this	reason,	C.	
thermocellum’s	 cellulase	 systems	 have	 historically	 been	 well	 studied	 (Lynd	 et	 al.,	 2002),	 while	 its	
metabolism	has	gained	more	attention	in	the	last	decade.	The	main	challenges	in	a	CBP	configuration	
with	C.	thermocellum	are	reaching	high	ethanol	titer	and	yield	due	to	mixed-acid	fermentation	with	
production	 of	 acetate,	 lactate,	 formate,	 CO2	 and	 H2.	 Desired	 ethanol	 production	 properties	 of	 a	
biomass	processing	facility	are	>40	g/l	ethanol	and	>90	%	of	theoretical	maximum	yield	(Lynd	et	al.,	
2016).	Highest	simultaneous	achievement	of	ethanol	titer	and	yield	has	been	reported	to	be	22	g/l	and	
75	%	of	maximum	theoretical	yield	on	60	g/l	crystalline	cellulose	with	an	engineered	and	evolved	strain	
that	 only	 produced	 ethanol,	 cells	 and	 amino	 acids	 (Tian	 et	 al.,	 2016).	 The	 metabolism	 of	 C.	
thermocellum	has	been	proved	 to	be	more	complex	 than	assumed.	For	 instance,	 it	has	an	atypical	
glycolysis	(see	Figure	1)	with	uncommon	cofactor	specificities	and	conversion	of	phosphoenolpyruvate	
to	pyruvate	through	a	malate	shunt,	in	contrast	to	using	the	common	pyruvate	kinase	(Olson	et	al.,	
2017;	Taillefer	et	al.,	2015;	Zhou	et	al.,	2013).	Moreover,	the	cell	excretes	amino	acids,	among	other	
overflow	metabolites,	at	high	substrate	loadings	(Holwerda	et	al.,	2014)	or	when	lactate	and	acetate	
pathways	have	been	deleted	(van	der	Veen	et	al.,	2013).	There	are	still	gaps	in	the	understanding	of	
its	metabolism	and	bioenergetics.	 Increased	 fundamental	 insight	can	help	guiding	 future	metabolic	
engineering	efforts	(Lynd	et	al.,	2016).		

C.	thermocellum	grows	on	a	relatively	narrow	substrate	range.	It	grows	on	cellulosic	feedstocks	(Paye	
et	al.,	 2016),	 crystalline	cellulose	 (Holwerda	et	al.,	 2014)	and	soluble	cellulose	hydrolysis	products,	
called	 cellodextrins,	 consisting	 of	 b-linked	 glucose	 oligomers	 with	 degree	 of	 polymerization	 2-6	
(Strobel	et	al.,	1995;	Zhang	and	Lynd,	2005).	Anaerobic	cellulolytic	organisms	are	commonly	limited	in	
their	substrate	range	to	mono-,	oligo-	and	polysaccharides	based	on	glucose	and	no	other	sugars	(Lynd	
et	al.,	2002).	Surprisingly,	several	studies	show	that	C.	thermocellum	grows	on	glucose	and	fructose	
only	after	a	substantial	 lag	 time	up	 to	200	h	 (Hernández	et	al.,	1985;	 Johnson	et	al.,	1985;	Ng	and	
Zeikus,	1982;	Nochur,	1990;	Strobel	et	al.,	1995).	Uptake	of	cellodextrins	and	glucose	has	been	shown	
to	 be	 ATP-dependent	 (Ng	 and	 Zeikus,	 1982;	 Nochur	 et	 al.,	 1992;	 Strobel	 et	 al.,	 1995),	 which	 is	
consistent	with	high	cellodextrin	affinity	of	several	 transcribed	and	translated	ATP-binding	cassette	
(ABC)-transport	 systems	 (Nataf	 et	 al.,	 2009;	 Raman	 et	 al.,	 2011;	 Rydzak	 et	 al.,	 2012).	 A	 cytosolic	
cellodextrin	 phosphorylase	 acts	 on	 a	 cellodextrin	 of	 size	 n	 (glucose	 units)	 and	 phosphorolytically	
cleaves	the	b-glucosidic	bond	to	form	glucose-1-phosphate	(G1P)	and	(n-1)	cellodextrin.	This	cleavage	
continues	 until	 cellobiose	 is	 reached,	 which	 is	 cleaved	 to	 G1P	 and	 glucose	 by	 a	 cellobiose	
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phosphorylase	 (Strobel	 et	 al.,	 1995;	 Zhang	 and	 Lynd,	 2004).	 This	 means	 that	 import	 of	 longer	
cellodextrins	 is	 energetically	 more	 favorable	 due	 to	 conserved	 energy	 in	 the	 glycosidic	 bonds	 by	
phosphorolytic	cleavage	(Zhang	and	Lynd,	2005).	Indeed,	higher	cell	yields	have	been	observed	when	
C.	thermocellum	have	been	grown	on	cellobiose	compared	to	glucose	(Ng	and	Zeikus,	1982;	Strobel,	
1995),	or	higher	cellodextrins	compared	to	cellobiose	(Zhang	and	Lynd,	2005).	There	is	also	a	strong	
preference	for	cellobiose	when	grown	on	a	mixture	of	cellobiose	and	glucose,	although	co-utilization	
in	 both	 batch	 and	 continuous	 cultures	 has	 been	 observed	when	 the	 inoculum	 carbon	 source	was	
glucose	(Ng	and	Zeikus,	1982;	Strobel,	1995).	In	contrast,	it	has	not	been	shown	by	which	mechanism	
fructose	 is	 taken	 up	 and	 metabolized.	 It	 has	 been	 argued	 whether	 a	 physiological	 adaptation	 or	
mutation	is	required	to	grow	on	glucose	and	fructose.	Nochur	has	suggested	that	a	mutation	event	is	
most	likely	to	occur	for	growth	on	fructose	and	glucose,	based	on	batch	cultures,	serial	transfers	on	
mono-	 and	 disaccharide,	 and	 plating	 experiments	 (Nochur,	 1990).	 However,	 no	 genetic	 study	was	
published	on	what	genes	are	mutated	to	confirm	the	theory.	Such	insight	on	differential	uptake	and	
bioenergetics	of	carbon	sources	and	identification	of	what	genetic	changes	are	relevant	for	growth	on	
glucose	and	 fructose,	 can	prove	 important	 in	 industrial	 settings	with	 complex	 substrates	and	 lay	a	
foundation	for	future	metabolic	engineering	efforts.		

Another	interesting	aspect	of	C.	thermocellum’s	metabolism	is	the	balance	of	nicotinamide	cofactors	
(NADPH	and	NADH).	The	organism	 lacks	genes	and	enzyme	activity	 for	 the	oxidative	branch	of	 the	
pentose	 phosphate	 pathway,	which	 commonly	 supply	NADPH	 for	 biosynthesis	 (Lamed	 and	 Zeikus,	
1980;	 Rydzak	 et	 al.,	 2012).	 Instead,	 generated	 NADH	 by	 active	 glyceraldehyde	 3-phosphate	
dehydrogenase	 (GAPDH)	 (Lamed	and	Zeikus,	1980;	Raman	et	al.,	2011;	Rydzak	et	al.,	2012)	can	be	
interconverted	 to	NADPH	 in	 the	 reaction	of	 phosphoenolpyruvate	 to	pyruvate	 through	 the	malate	
shunt,	as	shown	 in	Figure	1.	PEP	can	also	be	converted	 to	pyruvate	 through	a	pyruvate	phosphate	
dikinase	 (PPDK)	 and	 the	 balance	 between	 these	 two	 pathways	 is	 suggested	 to	 depend	 on	NADPH	
demand.	Ferredoxin-nicotinamide	oxidoreductases	(FNOR)	also	play	a	role	in	the	interconversion	of	
NADH	and	NADPH.	Pyruvate	to	acetyl-CoA	occurs	via	either	pyruvate-formate	lyase	(PFL)	or	pyruvate	
ferredoxin	oxidoreductase	(PFOR),	where	PFOR	seems	most	active.	Hydrogenases	or	FNOR	enzymes	
regenerates	 oxidized	 ferredoxin	 by	 hydrogen	 production,	 proton	 pumping	 or	 NADPH/NADH	
production.	 Two	 FNORs	 have	 been	 annotated	 in	 the	 genome:	 ion-translocating	 reduced	
ferredoxin:NAD+	 oxidoreductase	 (RNF)	 and	 NADH-dependent	 reduced	 ferredoxin:NADP+	
oxidoreductase	 (NFN)	 (Lo	et	al.,	 2017;	Olson	et	al.,	 2017).	RNF	have	an	 important	 role	 for	ethanol	
production,	as	shown	by	knock-outs	and	overexpressions.	However,	nfnAB	deletion	in	wild	type	has	a	
small	effect	on	fermentation	products	(Lo	et	al.,	2017)	and	its	role	in	metabolism	has	so	far	only	been	
hypothesized.	Insight	into	nicotinamide	cofactor	balance	is	important	to	steer	electron	flux	towards	
ethanol	production.	

This	study	used	two	approaches	to	increase	current	understanding	in	cell	physiology	and	metabolism.	
Firstly,	 this	 study	 aimed	 to	 answer	 the	 question:	 what	 cellular	 modifications	 are	 required	 for	 C.	
thermocellum	to	grow	on	glucose	and	fructose?	It	was	hypothesized	that	a	physiological	adaptation	or	
mutation	 event	 occurs.	 To	 answer	 the	 question,	 it	 was	 proposed	 that	 continuous	 cultures	 with	
increasing	 concentration	 glucose	 or	 fructose	 in	 combination	 with	 decreasing	 concentration	 of	
cellobiose	is	used	to	evolve	or	adapt	C.	thermocellum	on	the	monosaccharide	and	isolate	the	resulting	
strain.	Continuous	cultivations	would	also	allow	quantitative	studies	of	cell	physiology	at	steady-state	
conditions	 with	 submaximal	 growth	 rates	 and	 can	 provide	 knowledge	 on	 bioenergetic	 growth	
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parameters,	including	substrate-dependent	changes	in	yield.	Furthermore,	a	semi-fast	transition	from	
cellobiose	to	monosaccharide	allows	sampling	of	transcriptomic	and	proteomic	data	for	comparison	
between	steady-state	cells	on	cellobiose,	on	monosaccharide	and	on	dual	substrates,	which	can	inform	
on	physiological	adaptations.	Single	colony	isolations	of	glucose	or	fructose	grown	chemostat	cultures	
allow	subsequent	genetic	studies	to	identify	mutational	events.	

Secondly,	the	study	aimed	to	investigate	the	role	of	nfnAB	 in	a	malate	shunt	deficient	strain.	It	was	
hypothesized	that	NADPH	is	generated	via	NfnAB	in	a	strain	background	with	the	malate	shunt	deleted.	
This	 hypothesis	 was	 tested	 by	 deleting	 nfnAB	 in	 strain	 LL1251	 using	 state-of-the-art	 molecular	
techniques.		

Figure	1.	Substrate	uptake,	glycolysis	and	fermentation	end	product	pathways	believed	to	be	active	in	C.	thermocellum	
based	on	enzymatic	studies,	genome	annotation,	in	vitro	characterization,	13C-	or	14C-tracer	experiments,	or	knock-outs	
(Lamed	and	Zeikus,	1980;	Lo	et	al.,	2017;	Olson	et	al.,	2017;	Raman	et	al.,	2011;	Rydzak	et	al.,	2012;	Zhou	et	al.,	2013).	

Enzyme	abbreviations:	CBP,	cellobiose	phosphorylase;	PGM,	phosphoglucomutase;	GCK,	glucokinase;	PGI,	phosphoglucose	
isomerase;	PFK,	phosphofructokinase;	TPI,	triose-phosphate	isomerase;	GAPDH,	glyceraldehyde	3-phosphate	

dehydrogenase;	PEPCK,	PEP	carboxykinase;	MDH,	malate	dehydrogenase;	MalE,	malic	enzyme;	PPDK,	pyruvate	phosphate	
dikinase;	LDH,	lactate	dehydrogenase;	PFL,	pyruvate	formate	lyase;	PFOR,	pyruvate:ferredoxin	oxidoreductase;	ALDH,	

aldehyde	dehydrogenase;	ADH,	alcohol	dehydrogenase;	PTA,	phosphotransacetylase;	ACK,	acetate	kinase;	Fe-Hyd,	[FeFe]	
hydrogenase;	ECH,	ech-type	ferredoxin-dependent	hydrogenase;	Bifur-Hyd,	bifurcating	hydrogenase;	NFN,	NADH-dependent	

reduced	ferredoxin:NADP+	oxidoreductase;	RNF,	ion-translocating	reduced	ferredoxin:NAD+	oxidoreductase.	Other	
abbreviations:	Glc,	glucose;	G1P,	glucose-1-phosphate;	G6P,	glucose-6-phosphate;	F6P,	fructose-6-phosphate;	F-1,6-bisP,	

fructose-1,6-bisphosphate;	DHAP,	dihydroxyacetone	phosphate;	GA3P,	glyceraldehyde-3-phosphate;	1,3-bisPG,	1,3-
bisphosphoglycerate;	PG,	phosphoglycerate;	PEP,	phosphoenolpyruvate;	PYR,	pyruvate;	OAA,	oxaloacetate;	AcCoA,	acetyl-

CoA;	P,	phosphate;	Fd,	ferredoxin;	red,	reduced;	ox,	oxidized.	 	
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2. Materials	and	methods	

2.1. Strain	for	continuous	cultures	
A	 wild-type	 strain	 of	 Clostridium	 thermocellum	 DSM	 1313	 (LL1004)	 was	 used	 for	 continuous	
cultivations.	It	was	stored	at	the	Lynd	lab	as	1-ml	aliquots	in	Medium	for	Thermophilic	Clostridia	(MTC,	
see	 below)	 with	 crystalline	 cellulose	 (Avicel).	 Inocula	 for	 bioreactors	 were	 prepared	 by	 growing	 a	
freezer	stock	(0.5	ml)	on	50	ml	of	MTC	medium	with	5	g/l	Avicel	and	transfer	the	culture	(1	ml)	into	50	
ml	of	low-carbon	(LC)	medium	(see	below)	with	5	g/l	Avicel.	The	culture	growing	on	LC	medium	still	
contained	residual	cellulose	when	it	was	stored	at	-80	°C	as	5-mL	aliquots	until	the	whole	aliquot	was	
used	to	inoculate	bioreactors	(approximately	2	%	inoculum).	Growth	were	in	serum	bottles	(described	
below)	at	55	°C	with	180	RPM	shaking.		

2.2. Culture	purity		
Culture	purity	before,	during	and	after	continuous	cultivations	was	assessed	using	16S	rRNA	primers	
from	Integrated	DNA	Technologies	(IDT,	Coralville,	IA,	USA)	(forward	primer:	5’-AGA	GTT	TGA	TCC	TGG	
CTC	 AG-3’,	 reverse	 primer:	 5’-ACG	 GCT	 ACC	 TTG	 TTA	 CGA	 CTT-3’).	 The	 sequenced	 PCR	 product	
(GENEWIZ,	South	Plainfield,	NJ,	USA)	was	compared	to	C.	thermocellum	DSM	1313	and	ATCC	27405	
genomes.	No	contamination	was	detected	 in	the	freezer	stocks.	Detection	of	contamination	during	
continuous	cultures	are	reported	in	the	results	section.		

2.3. Media	composition	for	serum	bottle	and	continuous	cultivations	
A	 modified	 chemically	 defined	 MTC	 medium	 (Holwerda	 et	 al.,	 2012)	 was	 used	 for	 serum	 bottle	
cultivations.	It	contained,	per	liter,	5	g	Avicel,	5	g	MOPS	sodium	salt,	2	g	citrate	tripotassium,	1.25	g	
citric	 acid	 monohydrate,	 1	 g	 Na2SO4,	 1	 g	 KH2PO4,	 2.5	 g	 NaHCO3,	 2	 g	 urea,	 1	 g	MgCl2×6H2O,	 0.2	 g	
CaCl2×2H2O,	0.1	g	FeCl2×4H2O,	1	g	L-cysteine	HCl	monohydrate,	20	mL	vitamin	solution	E	(see	below),	
and	1	mL	trace	elements	solution	TE	(see	below).		

A	chemically	defined	minimal	LC	medium	developed	by	Holwerda	et	al.	(2012)	with	slight	modifications	
was	used	in	serum	bottle	and	continuous	cultivations,	as	well	as	solid	medium	for	plating.	Per	liter,	the	
final	 bioreactor	 medium	 contained	 5	 g	 carbohydrates	 (D-cellobiose,	 D-glucose,	 or	 D-fructose,	 as	
indicated	in	each	experiment),	2	g	KH2PO4,	3	g	K2HPO4,	0.1	g	Na2SO4,	0.5	g	urea,	0.2	g	MgCl2×6H2O,	0.05	
g	CaCl2×2H2O,	0.0035	g	FeSO4×7H2O,	0.025	g	FeCl2×4H2O,	1	g	L-cysteine	HCl	monohydrate,	20	mL	vitamin	
solution	E	(see	below),	and	5	mL	trace	elements	solution	TE	(see	below).	Serum	bottle	cultivations	also	
contained	5	g/L	MOPS.	Solid	LC	medium	contained	both	5	g/L	MOPS	and	0.8	%	(w/v)	agar.		

The	 final	 medium	 was	 prepared	 as	 different	 stock	 solutions	 to	 ease	 preparation.	 Following	 stock	
solutions	 were	 prepared	 for	 LC	 medium.	 Solution	 A+	 contained	 water	 and	 carbohydrates	 (20x	
concentration	for	bioreactors).	Solution	A*	was	made	in	50x	stock	concentration	and	contained	MOPS,	
but	 was	 only	 added	 to	 serum	 bottle	 cultivations.	 Solution	 B	 was	 made	 in	 25x	 concentration	 and	
contained	the	buffer	KH2PO4,	K2HPO4	and	salt	Na2SO4.	Solution	C	was	made	in	50x	concentration	and	
contained	the	nitrogen	source	urea.	Solution	D	was	made	in	50x	concentration	and	contained	salts	
MgCl2×6H2O,	 CaCl2×2H2O,	 FeSO4×7H2O,	 FeCl2×4H2O	 and	 the	 reducing	 agent	 L-cysteine.	 The	 vitamin	
solution	E	was	made	in	50x	concentration	and	contained,	per	liter,	1	g	pyrodoxamine	dihydrochloride,	
0.2	g	P-aminobenzoic	acid,	0.1	g	D-biotin,	and	0.1	g	cyanocobalamin	(vitamin	B12).	 It	was	prepared	
within	2	weeks	of	usage,	 shielded	 from	 light	and	 stored	anaerobically	at	+4	°C.	The	 trace	element	
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solution	TE	was	0.5	%	of	total	volume	in	continuous	cultures	and	0.1	%	of	total	volume	in	serum	bottles.	
It	contained,	per	liter,	1250	mg	MnCl2×4H2O,	500	mg	ZnCl2,	125	mg	CoCl2×6H2O,	125	mg	NiCl2×6H2O,	125	
CuSO4×5H2O,	125	mg	H3BO3	and	125	mg	Na2MoO4×2H2O.	Similarly,	stock	solutions	were	prepared	for	
MTC	medium:	solution	A+,	Avicel;	solution	A*,	50x	MOPS;	solution	B,	25x,	citrate	tripotassium,	citric	
acid,	 Na2SO4,	 KH2PO4,	 NaHCO3;	 solution	 C,	 50x,	 urea;	 solution	 D,	 50x,	 MgCl2×6H2O,	 CaCl2×2H2O,	
FeCl2×4H2O,	L-cystein.		All	solutions	were	prepared	with	purified	water	(MilliQ	system	from	Millipore,	
Billerica,	MA,	USA)	in	serum	bottles,	sealed	with	butyl	rubber	stoppers	and	purged	extensively	by	(20	
x	45	s)	cycles	of	vacuum	and	nitrogen	gas	of	ultra-high	purity	at	room	temperature	(Airgas,	White	River	
Junction,	VT,	USA).	Solution	D	was	autoclaved.	All	solutions	were	filter	sterilized	(0.2	µm,	PES)	into	a	
feed	vessel	(see	set-up	of	continuous	cultivation).	For	serum	bottle	cultivation,	all	stock	solutions	were	
autoclaved	except	for	solution	E	and	TE,	which	were	filter	sterilized	into	a	pre-autoclaved	serum	bottle	
(0.20	µL	PES	filter,	Corning	Inc.,	New	York,	NY,	USA).	All	chemicals	were	reagent	grade	and	purchased	
from	 Sigma-Aldrich	 (St.	 Louis,	MO,	USA),	 except	 for	 the	 two	 potassium	phosphate	 salts	 that	were	
obtained	from	Fisher	Scientific	(Pittsburgh,	PA,	USA)	and	Avicel	PH105	that	was	obtained	from	FMC	
Biopolymer	(Philadelphia,	PA,	USA).		

2.4. Experimental	set-up	of	continuous	cultivation	
The	set-up	is	shown	in	Figure	2.		

Medium-long	cultivations	were	run	on	increasing	concentrations	of	glucose	or	fructose	in	combination	
with	decreasing	concentration	of	cellobiose,	as	shown	in	Table	1.	Three	cultivations	were	performed;	
two	 on	 cellobiose	 and	 glucose	 and	 one	 on	 cellobiose	 and	 fructose	 (Table	 1),	 each	 as	 two	 parallel	
chemostats	 connected	 to	 the	 same	 feed	 vessel.	 All	 components	 in	 LC	medium	 except	 the	 carbon	
source	were	in	excess	to	achieve	carbon-limited	growth.	

Figure	2.	Set-up	of	chemostat.	Medium	components	were	filter	sterilized	into	the	feed	vessel	before	connecting	it	to	the	
bioreactor.	A	joint	connection	in	the	tubing	from	the	feed	vessel	to	the	bioreactor	made	it	possible	to	replace	the	feed	
vessel.	Similarly,	the	effluent	vessel	could	be	replaced.	Base	was	added	to	the	base	vessel	in	larger	volumes	as	needed.	
Outgoing	gas	was	cooled	in	a	condenser	with	4	oC	recirculating	water	and	passed	through	a	water	containing	tube	to	

reduce	diffusion	of	oxygen	into	the	reactor.	Shapes	are	not	in	scale.	
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Table	1.	Identity	and	concentration	of	carbon	source	in	three	consecutive	continuous	cultivations	(1-3).	Each	column	shows	
different	time	points.	The	cellobiose	concentration	is	decreasing	while	monosaccharide	concentrations	are	increasing	along	

the	run.		

	
Continuous	 cultivations	 were	 carried	 out	 in	 two	 0.3-liter	 (working	 volume)	 round-bottom	 glass	
bioreactors	(Sartorius	Q-plus	system,	Sartorius	Stedim,	Bohemia,	NY,	USA)	with	a	stainless-steel	head-
plate.	A	constant	volume	of	0.3	liter	was	controlled	with	a	combined	level	indicator	and	effluent	outlet	
tube	connected	to	a	feedback	regulated	pump	incorporated	in	the	control	tower.	Effluent	medium	was	
collected	 in	2-liter	bottles	with	stainless-steel	headplates	 (PYREX),	which	were	placed	on	scales	 for	
continuous	measurement	of	weights	and	replaced	on	a	regular	basis	without	disrupting	the	cultivation.	
Temperature	 was	 maintained	 at	 55	 °C	 with	 a	 water-heated	 jacket	 and	 agitation	 with	 a	 Rushton	
impeller	(6-blade	turbine)	at	200	RPM.	pH	was	measured	with	a	Mettler-Toledo	pH	probe	(Columbus,	
OH,	USA)	and	controlled	at	7.0	by	base	addition	(2	N	KOH)	due	to	expected	acid	production.	In-situ	
recording	 of	 near	 infrared	 optical	 density	 (OD850)	 was	 obtained	with	 a	 DASGIP	 OD4	 (10	mm	 path	
length),	which	is	a	non-invasive	biomass	monitor	by	Eppendorf	(Hauppauge,	NY,	USA).	Headspace	of	
bioreactors	 was	 purged	 with	 N2	 at	 5	 ml/min	 when	 feed	 was	 started.	 An	 off-gas	 condenser	 with	
circulating	4	°C	cooling	water	minimized	water	evaporation	due	to	gas	purging.	Outflowing	gas	passed	
through	a	sealed	serum	bottle	and	through	a	water-containing	tube	to	minimize	oxygen	diffusion	into	
the	reactor.		

Feed	medium	was	prepared	in	a	10-liter	narrow	top	reservoir	bottle	with	bottom	hose	outlet	(Kimble	
KIMAX	 from	 Fisher	 Scientific,	 Pittsburgh,	 PA,	 USA)	 and	 stainless-steel	 tubes	 penetrating	 a	 rubber	
stopper.	It	was	autoclaved	with	>70	%	of	final	water	volume	for	2	h	(less	than	5	liters)	or	2.5	h	(more	
than	5	liters)	and	kept	anaerobic	by	continuous	purging	with	N2.	Stock	solutions	were	filter	sterilized	
into	the	feed	vessel	(in	alphabetic	order)	as	anaerobic	solutions,	expect	for	the	carbohydrate	solution	
A+	that	was	added	as	an	aerobic	solution	and	let	purge	overnight.	The	feed	vessel	was	connected	to	
both	 bioreactors	 through	 a	 pre-calibrated	 peristatic	 pump	 (Watson-Marlow,	 Falmouth,	 Cornwall,	
England).	As	indicated	in	each	experiment,	the	feed	vessel	was	aseptically	replaced	with	another.	The	
weight	of	the	feed	vessel	was	recorded	throughout	the	cultivation	and	it	was	occasionally	stirred	(once	
per	day	if	not	indicated	otherwise).		

The	headspace	of	the	bioreactor	was	purged	with	20	%	CO2	and	balance	N2	for	2	to	4	hours	before	
inoculation	to	supplement	cell	growth	(Xiong	et	al.,	2016).	Two	freezer	stocks	with	C.	thermocellum	
DSM	1313	grown	on	cellulose	in	LC	medium	(see	2.1	Strain	for	continuous	cultures)	were	thawed	and	
5	ml	was	inoculated	into	each	bioreactor.	Cells	were	grown	in	batch	phase	with	no	overhead	purging	
until	the	culture	had	passed	its	biomass	peak	and	approached	stationary	phase	(approximately	16	to	
24	 h),	 as	 observed	by	 on-line	OD850.	 The	 feed	was	 started	 and	 set	 to	 30	ml/h,	 corresponding	 to	 a	
dilution	 rate	 of	 0.1	 h-1,	 which	 was	 continuously	 calculated	 based	 on	measured	weight	 of	 effluent	
medium	over	time.		

Cultivation	run	 Carbon	source	 Concentration	(g/L)	

1	
Cellobiose	 5	 4	 2.5	 1	 0	
Glucose	 0	 1	 2.5	 4	 5	

2	
Cellobiose	 5	 2.5	 0	 	 	
Glucose	 0	 2.5	 5	 	 	

3	
Cellobiose	 5	 2.5	 0	 	 	
Fructose	 0	 2.5	 5	 	 	
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Each	 combination	 of	 carbon	 sources	 (see	 Table	 1)	was	 run	 for	 at	 least	 4	 residence	 times	 (>40	 h),	
corresponding	 to	 98	 %	 turn-over	 of	 medium	 components,	 before	 steady-state	 sampling.	 The	
bioreactor	was	directly	refilled	with	fresh	medium	due	to	large	sampling	volumes	(approximately	50	
%)	 and	 let	 stabilize	 overnight	 before	 the	 feed	 vessel	 was	 replaced.	 Smaller	 samples	 (8	 ml)	 were	
collected	as	indicated	in	each	experiment.		

2.5. Steady-state	sampling	and	analytical	methods	
Firstly,	a	steady-state	off-gas	sample	was	collected	by	replacing	a	sealed	serum	bottle	through	which	
outgoing	gas	passed	by	and	stored	at	room	temperature.	Off-gas	samples	allow	determination	of	CO2	
to	H2	ratios	by	gas	chromatography,	but	have	not	been	analyzed	during	this	work.		

Secondly,	 broth	 samples	 for	 RNA	 sequencing	 (2	 x	 20	ml	 in	 50-ml	 conical	 tubes)	were	 immediately	
centrifuged	at	5	°C	and	the	pellet	was	frozen	in	liquid	N2.	A	10-ml	sample	for	proteomics	was	directly	
frozen	in	liquid	N2.	Cell	pellet	for	enzymatic	assays	was	prepared	from	20	ml	culture	in	duplicate	by	
repeated	 rounds	 of	 centrifugation	 and	 supernatant	 removal	 to	 store	 the	 pellet	 in	 2-ml	 Eppendorf	
tubes.	Samples	for	RNA	sequencing,	proteomics	and	enzymatic	assays	were	stored	at	-80	°C.	These	
samples	have	not	been	analyzed	during	this	work	but	may	be	sent	for	analysis.		

In	parallel,	triplicate	1-ml	samples	for	HPLC	analysis	were	centrifuged,	750	µL	supernatant	was	acidified	
with	35	µL	of	10	%	sulfuric	acid	(w/w),	centrifuged	and	passed	through	a	0.22	µm	nylon	centrifuge	
tube	 filter	 (Corning	 Inc.,	 Salt	 lake	 city,	 UT,	 USA)	 before	 storing	 at	 4	 °C.	 Ethanol,	 acetate,	 formate,	
lactate,	pyruvate,	glucose,	cellobiose	and	fructose	were	quantified	by	HPLC	(Waters,	Milford,	MA,	USA)	
using	an	Aminex	HPX-87H	column	(Bio-Rad,	Hercules,	CA,	USA)	with	refractive	index,	UV	detection	and	
5	 mM	 sulfuric	 acid	 as	 eluent.	 Cell	 dry	 weight	 samples	 were	 prepared	 by	 filtering	 3	 x	 5	 ml	 room	
tempered	samples	through	pre-weighed	0.2	µm	GTTP	Isopore	membrane	filters	(Merck	Millipore	Ltd),	
washing	with	equal	amount	MilliQ	water	and	drying	at	100	°C	for	24	h	before	weighing.	Pellet	nitrogen	
and	carbon	was	prepared	by	centrifuging	1	ml	room	tempered	culture,	aspirating	850	µL	supernatant	
and	washing	the	pellet	twice	with	equal	amount	MilliQ	water.	The	pellet	was	stored	at	-20	°C	until	
quantification	in	a	Shimadzu	TOC-Vcph	Total	Organic	Carbon	analyzer	with	a	Total	Nitrogen	unit	and	
ASI-V	autosampler	added	 (Shimadzu	Scientific	 Instruments,	Columbia,	MD,	USA),	using	an	acidified	
glycine	standard	as	described	previously	by	Holwerda	et	al.	 (2012).	One-ml	samples	for	quantifying	
supernatant	and	pellet	protein,	amino	acids	and	vitamins	were	prepared,	but	not	measured	during	this	
work.	

Finally,	two	5-ml	aliquots	of	culture	were	preserved	in	sterile,	anaerobic	and	sealed	5-ml	serum	bottles	
at	-80	°C.	Culture	purity	was	assessed	as	described	above.	Off-line	OD600	was	measured	in	triplicate	in	
a	Thermo	Scientific	Genesys	335901	Visible	Spectrophotometer	with	a	six-position	cell	holder.		

Furthermore,	the	feed	vessel	was	sampled	for	HPLC	quantification	of	carbohydrates	at	each	steady-
state	 sampling	 point,	 as	well	 as	 before	 and	 after	 each	 vessel	 was	 replaced.	 The	 bioreactors	were	
occasionally	 sampled	 (8	 ml)	 for	 OD600	 measurements,	 HPLC	 analysis	 and	 quantification	 of	 pellet	
nitrogen	and	carbon.		

2.6. Single	colony	isolation	
A	flow	diagram	for	single	colony	isolation	is	shown	in	Figure	3.	All	cultivations	were	done	at	55	°C	and	
serum	tubes	and	bottles	were	shaken	at	180	RPM.	LC	medium	with	5	g/l	carbohydrate	was	used	unless	
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stated	otherwise.	 In	detail,	 a	 chemostat	 culture	 sample	was	 transferred	 to	 an	 anaerobic	 chamber,	
plated	in	10-fold	dilution	series	on	solid	medium	with	glucose	or	fructose	and	incubated	until	colonies	
were	visible	and	distinct.	Picked	colonies	were	grown	in	serum	glass	tubes	with	4	ml	glucose	or	fructose	
medium.	OD600	was	measured	directly	on	the	glass	tubes.	Growth	proceeded	until	mid-log	phase	(OD600	
>0.4	and	increasing	over	a	one-hour	period)	and	were	then	stored	at	+4	°C.		

	

Figure	3.	Flow	diagram	of	single	colony	isolation	from	continuous	cultures.	A	serial	dilution	was	plated	(A)	from	a	reactor	
sample.	More	than	7	colonies	were	inoculated	into	serum	tubes	(B).	Interesting	growth	characteristics	were	screened	on	a	
96-well	plate	in	a	plate	reader	(J)	and	a	smaller	set	of	isolates	were	chosen	for	two	subsequent	rounds	of	plating	(C	and	D).	
Colonies	from	the	final	round	were	grown	into	a	bigger	volume	(200	ml,	E	to	F).	The	culture	was	preserved	at	-80	°C	in	5	ml	

aliquots	(G)	and	2	ml	aliquots	with	2	ml	of	50	%	glycerol	(H).	Samples	were	spun	down	and	sent	for	resequencing	(I).	
*Transfers	on	cellobiose	and	Avicel	in	serum	tubes	were	only	done	with	chemostats	isolates	grown	on	glucose	to	

preliminarily	test	a)	retained	cellulolytic	capability	and	b)	retained	growth	on	glucose	after	a	transfer	on	cellobiose	(K	and	L).	
Abbreviations:	Av,	Avicel;	CB,	cellobiose;	fru,	fructose;	glu,	glucose.	

A	96-well	plate	reader	experiment	screened	isolated	colonies	for	 interesting	growth	characteristics.	
Each	well	contained	200	µL	medium	with	either	5	g/L	cellobiose,	5	g/L	glucose	or	 fructose,	0.1	g/L	
Avicel	for	glucose	grown	isolates	or	2	g/L	Avicel	for	fructose	grown	isolates.	Seven	single	colony	isolates	
from	 each	 reactor	were	 screened	 and	wild-type	C.	 thermocellum	 was	 used	 as	 control.	 Inoculation	
volume	was	calculated	to	reach	same	starting	concentration	for	each	isolate	based	on	measured	OD600.	
Each	combination	was	done	in	duplicates.	The	plate	reader	(PowerWave	XS	plate	reader	from	BioTek	
Instruments	 Inc.,	Winooski,	VT,	USA)	was	 in	the	anaerobic	chamber	with	55	°C	incubation	and	30	s	
“medium”	linear	shaking	before	OD600	measurement,	which	was	every	3	minutes.		

Single	colony	isolates	of	interest	were	chosen	(motivation	in	Results)	and	plated	in	100-fold	dilution	
series	in	two	subsequent	rounds.	After	the	last	round,	one	colony	was	inoculated	into	2	ml	medium	
with	glucose	or	fructose	and	grown	until	the	medium	was	opaque	(usually	24	h).	The	whole	volume	
was	used	to	inoculate	a	200-ml	serum	bottle	in	the	evening.	Samples	for	OD600	was	taken	during	the	
next	day(s).	At	mid-log	phase	(OD600	between	0.6	and	1.0),	a	part	of	the	culture	was	preserved	in	5	ml	
aliquots	in	ten	5-ml	serum	bottles	and	2	ml	aliquots	in	two	5-ml	serum	bottles	prefilled	with	2	ml	of		
50	%	glycerol.	The	bottles	were	stored	at	-80	°C.	The	pellet	of	the	rest	of	the	culture	(approx.	140	ml)	
was	 sent	 for	 genome	 resequencing.	 A	 small	 sample	 was	 taken	 to	 check	 for	 contamination.	 No	
contamination	was	detected	in	the	single	colony	isolates.		

A	 separate	 test	 for	 single	 colony	 isolates	 growing	on	glucose	was	performed	 to	 investigate	 if	 their	
cellulolytic	capability	was	retained.	Serum	tubes	with	5	ml	LC	medium	with	5	g/l	Avicel	was	inoculated	
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with	0.1	ml	serum	tube	batch	cultures	grown	after	the	first	round	of	plating	(see	Figure	3).	Wild-type	
C.	thermocellum	was	used	as	control.	Tubes	were	incubated	over	several	days	and	the	degradation	of	
cellulose	was	observed	as	amount	of	settled	Avicel.	

Furthermore,	a	quick	test	in	serum	tubes	was	performed	to	investigate	whether	cultures	retained	their	
capability	to	utilize	the	monosaccharides	after	a	serial	transfer	on	cellobiose.	Due	to	time	restrictions,	
this	 test	 was	 only	 performed	 with	 glucose	 grown	 isolates.	 Serum	 tubes	 with	 5	 ml	 medium	 with	
cellobiose	was	inoculated	with	0.1	ml	serum	tube	batch	cultures	grown	after	the	first	round	of	plating	
(see	Figure	3).	OD600	was	measured	on	the	tubes	over	several	days	and	cultivation	was	stopped	at	mid-
exponential	phase	by	moving	the	culture	to	4	°C.	A	second	transfer	on	5	g/l	glucose	was	made	and	
OD600	was	monitored.	A	wild-type	C.	thermocellum	on	cellulose	was	used	as	control.		

2.7. Growth	medium	for	molecular	biology	
Strains	were	grown	anaerobically	at	55	°C	with	CTFUD	medium	(Olson	and	Lynd,	2012).	Per	liter,	CTFUD	
contained	3	g	sodium	citrate	tribasic	dehydrate,	1.3	g	(NH4)2SO4,	0.13	g	CaCl2×2H2O,	0.5	g	L-cysteine	HCl	
monohydrate,	11.56	g	MOPS	sodium	salt,	1	mg	FeSO4×7H2O,	5	g	cellobiose,	4.5	g	yeast	extract,	2.6	g	
MgCl2×6H2O,	0.5	ml	resazurin	(0.2	%	(w/v)),	1.5	g	KH2PO4.	Components	were	added	in	above	order	with	
KH2PO4	dissolved	in	water	before	addition.	pH	was	adjusted	to	7.0	with	10	%	(w/w)	H2SO4.	Solid	CTFUD	
medium	contained	0.8	%	(w/v)	agar.	The	medium	was	autoclaved,	which	minimized	dissolved	oxygen	
levels,	and	directly	incubated	in	an	anaerobic	chamber.	A	chemically	defined	medium,	called	CTFUD-
NY,	had	yeast	extract	replaced	with	20	ml/l	vitamin	solution	E	and	1	ml/l	trace	elements	solution	TE	
(described	 above	 in	 2.3	Media	 composition	 for	 serum	 bottle	 and	 continuous	 cultivations).	 Sterile	
solution	E	and	TE	were	added	in	the	anaerobic	chamber	after	the	medium	was	autoclaved.		

2.8. Molecular	techniques		
All	chemicals	used	were	of	molecular	grade	and	either	from	Fisher	Scientific	(Pittsburgh,	PA,	USA)	or	
Sigma-Aldrich	 (St.	 Louis,	 MO,	 USA).	 Primers	 were	 designed	 based	 on	 C.	 thermocellum	 DSM	 1313	
genome	(http://www.ncbi.nlm.nih.gov)	and	ordered	from	Integrated	DNA	Technologies	(Coralville,	IA,	
USA).	Strains	and	plasmids	used	in	this	work	are	shown	in	Table	2.	Deletion	of	nfnAB	(Clo1313_1848-
49)	was	attempted	with	plasmid	pJY1	using	a	previously	described	method	by	Olson	and	Lynd	(Olson	
and	Lynd,	2012),	which	is	briefly	described	below.	An	anaerobic	chamber	(COY	labs,	Grass	Lake,	MI,	
USA)	with	10	%	CO2,	1–2	%	H2	and	balance	N2	was	used	as	indicated.	A	palladium	catalyst	maintained	
anaerobic	conditions	below	5	ppm	oxygen.		

All	strains	originated	from	M1354	that	has	the	hypoxanthine	phosphoribosyl	transferase	(hpt)	gene	
deleted	to	allow	markerless	gene	deletions	(Argyros	et	al.,	2011;	Olson	and	Lynd,	2012).	Three	regions	
called	5’	flank,	3’	flank	and	int	region	were	designed.	The	5’	and	3’	flanks	were	homologous	to	500	bp	
directly	up-	and	downstream	of	the	target	gene,	whereas	the	int	region	was	homologous	to	500	bp	
inside	the	target	gene.	These	three	regions	were	inserted	into	a	PgapDH-cat-hpt	cassette	(explained	
below)	and	put	into	a	backbone	cloning	vector	by	homologous	cloning	in	Escherichia	coli	(NEBuilder	
HiFi	DNA	assembly,	New	England	Biolabs,	Inc.Ipswich,	MA,	USA).	The	final	deletion	plasmid	had	three	
selective	 markers.	 Chloramphenicol	 acetyl-transferase	 (cat)	 provided	 resistance	 towards	
thiamphenicol	 (Tm)	and	chloramphenicol.	Hypoxanthine	phosphoribosyl	 transferase	(hpt)	was	used	
for	negative	selection	and	only	cells	with	dysfunctional	or	absent	hpt	gene	survived	selection	with	the	
antimetabolite	8-azahypoxanthine	(8AZH).	Thymidine	kinase	(tdk)	was	also	used	for	negative	selection	
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similarly	 as	 hpt,	 but	 with	 the	 antimetabolite	 5-Fluoro-2’-deoxyuradine	 (FUDR).	 Markerless	 gene	
deletion	 proceeded	 through	 three	 main	 events.	 Firstly,	 the	 plasmid	 was	 transformed	 into	 C.	
thermocellum	by	electroporation.	Transformants	were	selected	based	on	Tm	resistance.	Secondly,	the	
first	and	second	recombination	event	were	selected	for	by	a	combined	positive	and	negative	selection	
with	Tm	and	FUDR.	At	this	stage,	the	gene	had	been	disrupted	and	partly	replaced	with	the	PgapDH-
cat-hpt	cassette	by	homologous	recombination.	Thirdly,	8AZH	selected	for	a	third	recombination	event	
with	 a	 looped-out	 and	 absent	 cassette.	 Finally,	 single	 colonies	 were	 isolated	 on	 media	 without	
selection	to	ensure	culture	purity.	PCR	was	used	to	verify	genetic	modifications.		

A	deletion	plasmid	for	nfnAB	had	previously	been	constructed	by	Lo	et	al.	and	was	called	pJLO13	(Lo	
et	 al.,	 2017).	 However,	 after	 diagnostic	 restriction	 digest	 it	was	 discovered	 that	 the	 tdk	 gene	was	
approximately	1	kbp	longer	than	expected.	 It	was	suspected	to	be	an	E.	coli	 transposon	insert.	The	
PgapDH-cat-hpt	 cassette	with	 the	 homologous	 regions	was	 intact	 and	 thus	 digested,	 purified	 and	
ligated	into	a	backbone	plasmid	pDGO145.	pDGO145	was	based	on	pDGO-68	(Olson	et	al.,	2017),	but	
had	a	low	copy	number	(p15A	instead	of	pUC19)	to	reduce	the	risk	of	transposon	insert.	pDGO-68	was	
based	on	the	standard	deletion	plasmid	pAMG258	(Olson	and	Lynd,	2012).	The	correct	plasmid	was	
verified	by	restriction	digest,	PCR	and	sequencing.		

Table	2.	Strains	and	plasmids	used	in	this	work.		

Name	 Genotype		 Notes	 Reference	
pDGO145	 	 Plasmid	backbone	for	

making	deletion	
plasmids	

(Olson	et	al.,	2017)a	

pJLO13	 	 Plasmid	for	deletion	of	
nfnAB	

(Lo	et	al.,	2017)	

pJY1	 	 Plasmid	for	deletion	of	
nfnAB	

This	work	

LL1004	 	 Wild-type	DSM	1313	 DSMZb	

M1354	 Dhpt	 	 (Argyros	et	al.,	2011)	
LL1251	 Dhpt	∆ldh::Peno-

pyk(Tsc)	∆me-mdh	
∆ppdk	Δpeps	

	 (Olson	et	al.,	2017)	

LL1505	 Dhpt	DnfnAB	 	 This	work	
aBased	on	plasmid	pDGO-68	(Olson	et	al.,	2017)	with	E.	coli	origin	of	replication	p15a	instead	of	pUC19.	

	bDeutsche	Sammlung	von	Mikroorganismen	und	Zellkulturen	GmbH,	Germany.	
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Table	3.	Primers	used	in	this	work.	

Name	 Sequence	(5’	to	3’)	 Description	
nfnAB_int_F_v1	 CCTTGTGTTTCCGGCTGT	 Amplifies	internal	region	in	nfnAB	

for	PCR	verificationa	nfnAB_int_R_v1	 CTTTGCGGCTTTTTTGCCT	
nfnAB_int_F_v2	 GTGTAAGGGGTATAAAAGGTG	 Amplifies	internal	region	in	nfnAB	

for	PCR	verificationa	nfnAB_int_R_v2	 TTCCTTCTTCCTTTGCGT	
nfnAB_ext_F	 TCATCCACCCACGGTACT	 Anneal	up-	and	downstream	of	

nfnAB	for	PCR	verification	nfnAB_ext_R	 GGGGGAAATGTATAAGAGGGGA	
XD92	 TTTCATCAAAGTCCAATCCATAACCC	 Amplifies	cat-hpt	on	cassette	for	

PCR	verification	XD93	 GCTATCTTTACAGGTACATCATTCTGTTTGTG	
XD94	 ACTTCATGGCACTTTCTACACCTTGC	 Amplifies	Pcbp-tdk	on	plasmid	for	

PCR	verification	XD95	 TCGGAGTAAGGTGGATATTGATTTGC	
XD527	 GTTGCTTGTCCGGTTTTT	 Anneals	up-	and	downstream	of	

ppdk	for	PCR	verification	XD528	 ATATCTCCAACCTCTCCCT	

XD708	 GATTTTTTCACTACTATTAGCAGAAGTCTTTTT
GCGCTTCTTG	

Putting	nfnAB	homology	in	
different	backboneb	

XD709	 TAGGCGTATCACGAGGCGATAATTCCTCTCCC
ATCTTTTTTATTTATATAG	

XD444	 CACCTGACGTCTAAGAAA	 PCR	verification	of	nfnAB	
homology	region	insert	in	pJY1	XD447	 GTTGTCTAACTCCTTCCT	

aNew	primers	(v2)	were	designed	due	to	background	bands	
bUsed	to	amplify	nfnAB	homology	in	pJLO13	and	insert	into	pDGO145	using	NEBuilder	HiFi	DNA	assembly.	 	
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3. Results	

3.1. Continuous	cultures	with	cellobiose	and	glucose	
To	 isolate	 C.	 thermocellum	 growing	 on	 glucose	 and	 investigate	 physiological	 changes,	 continuous	
cultures	 on	 increasing	 concentration	 of	 glucose	 in	 combination	 of	 decreasing	 concentration	 of	
cellobiose	were	used.	Culture	purity	was	assessed	before,	during	and	after	the	cultivation	by	16S	rDNA	
sequencing.	 The	 starting	 strain	was	uncontaminated;	however,	 the	 first	 run	became	contaminated	
between	steady-state	sampling	point	D	and	E	(Figure	4).	Several	different	species	could	be	observed	
in	microscope	 images	of	 the	 culture.	However,	both	bioreactors	performed	were	 very	 similar	with	
cellobiose	and	glucose	consumed	to	 low	levels	at	steady-state	points	C-E	(Figure	4A),	 indicating	co-
utilization.	Between	point	A	and	F,	biomass	yield	decreased	(Figure	4B)	and	the	acetate-to-ethanol	
ratio	increased	(Figure	4C	and	D).	No	single	colony	isolation	was	attempted	due	to	contamination.	

	

	

Figure	4.	Steady-state	data	of	two	parallel	carbon-limited	chemostats,	C7	and	C8,	sharing	the	same	feed	of	defined	minimal	
medium	and	run	anaerobically	at	55	oC	with	a	dilution	rate	of	0.1	h-1.	The	feed	vessel	was	replaced	and	contained	different	
combinations	of	carbon	sources.	Samples	(A-F)	were	withdrawn	after	4-5	residence	times	on	each	combination.	Figure	A:	
cellobiose	(Sin,	CB)	and	glucose	(Sin,	CB)	in	feed,	as	well	as	cellobiose	(Sout,	CB)	and	glucose	(Sout,	glc)	in	effluent	for	C7	and	C8.	B:	
total	consumed	carbon	substrate	(Scons.	total)	for	C7	and	C8	with	total	organic	carbon	(TOC)	in	cell	pellet	and	calculated	

biomass	yield	(YXS),	assuming	steady-state	(see	Appendix	B).	C:	main	fermentation	products	for	C7.	D:	main	fermentation	
products	for	C8.	CO2	and	H2	was	not	measured.	Data	in	tables	are	found	in	Appendix	A.	Data	is	shown	as	average	±	standard	

deviation	(n	≥	2).	

To	reduce	the	risk	of	contamination,	a	second	run	had	fewer	replacements	of	carboys	by	more	rapid	
shifts	 in	carbohydrate	concentrations.	A	time-course	with	on-line	OD850	showed	similar	behavior	of	
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both	bioreactors	C7	and	C8	until	the	feed	was	switched	to	5	g/l	glucose	(Figure	5).	Directly	after	each	
steady-state	sampling	point	A	to	D,	the	reactors	were	refilled	with	medium,	thus	a	rapid	increase	in	
biomass	 was	 observed.	When	 the	 feed	 was	 switched	 to	 dual	 substrates,	 glucose	 was	 initially	 not	
consumed	and	it	took	42	and	43	hours	for	grow	on	glucose	in	C7	and	C8,	respectively	(Figure	5).	When	
only	glucose	was	fed,	biomass	decreased	slightly	but	then	recovered.	The	culture	was	uncontaminated	
both	during	and	after	 the	cultivation.	C7	stirrer	stopped	unexpectedly	at	 time-point	310	h	but	was	
quickly	fixed	without	breaking	any	sterile	barrier.	

	

Figure	5.	On-line	optical	density	(OD850)	and	residual	glucose	in	liquid	culture	of	two	parallel	carbon-limited	chemostats,	C7	
and	C8,	run	anaerobically	at	55	oC	with	a	dilution	rate	of	0.1	h-1.	The	cultivation	started	with	a	batch	phase	on	5	g/l	

cellobiose	(CB)	and	was	then	continuously	fed	with	a	defined	minimal	medium.	The	feed	vessel	was	replaced	and	contained	
different	combinations	of	CB	and	glucose	(glc),	as	indicated.	Samples	A	to	D	were	withdrawn	after	4-5	residence	times	on	

each	combination	with	a	stable	on-line	OD850.	Residual	glucose	is	shown	as	average	±	standard	deviation	(n	=	3).	

The	cultures	utilized	both	ingoing	substrates	(Figure	6A),	which	implied	co-utilization.	Cell	dry	weight	
(CDW),	off-line	OD600	and	total	organic	carbon	(TOC)	in	cell	pellet,	all	decreased	with	increasing	glucose	
concentration	(Figure	6B).	The	average	biomass	yield	on	5	g/l	cellobiose	was	0.17	±	0.003	gC	cell/gC	
(point	A)	and	0.12	±	0.01	gC	cell/gC	glucose	(point	C	and	D),	which	corresponds	to	a	29	%	decrease	
(Figure	6C).	Acetate,	ethanol,	formate	and	lactate	changed	1.4-,	0.8-,	1.3-,	3.2-fold	when	average	of	
point	C	and	D	is	compared	to	point	A.	The	acetate-to-ethanol	ratio	increased	from	1.2	to	2.3	for	C7	and	
1.1	to	1.9	for	C8	(Figure	6D).	Data	between	the	parallel	reactors	were	similar.	
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Figure	6.	Steady-state	data	of	two	parallel	carbon-limited	chemostats,	C7	and	C8,	sharing	the	same	feed	of	defined	minimal	
medium	and	run	anaerobically	at	55	oC	with	a	dilution	rate	of	0.1	h-1.	The	feed	vessel	was	replaced	and	contained	different	
combinations	of	cellobiose	(CB)	and	glucose	(glc).	Samples	A	to	D	were	withdrawn	on	each	combination	carbohydrates	after	
4-5	residence	times	with	a	stable	on-line	optical	density	(OD850).	Figure	A:	CB	and	glc	in	feed	(Sin,	CB	and	Sin,	glc)	and	effluent	
(Sout,	CB	and	Sout,	glc).	B:	cell	dry	weight	(CDW),	off-line	OD600	and	total	organic	carbon	in	cell	pellet	(TOC).	C:	total	consumed	
carbon	source	(Scons.	total),	TOC	and	biomass	yield	(YXS),	calculated	on	a	carbon	basis	assuming	steady-state,	as	described	in	
Appendix	B.	D:	main	fermentation	products.	CO2	and	H2	was	not	measured.	Data	in	tables	are	found	in	Appendix	A.	Data	is	

shown	as	average	±	standard	deviation	(n	=	3	for	all	except	Sin,	CB	and	Sin,	glc,	where	n	≥	2).	

The	calculated	specific	growth	rate	initially	decreased	when	the	feed	was	switched	to	2.5	g/l	of	each	
substrate	and	then	stabilized	at	0.1	h-1	(Figure	7).	As	the	culture	started	growing	on	glucose	it	increased	
and	reached	0.2	h-1,	then	rapidly	dropped	back	to	0.1	h-1.	However,	this	 is	an	average	of	the	whole	
population	and	it	is	more	likely	that	a	sub-population	either	adapted	or	evolved	on	glucose.	This	sub-
population	could	initially	be	growing	at	a	higher	specific	growth	rate,	while	a	cellobiose	utilizing	sub-
population	retains	growth	at	0.1	h-1.	When	the	feed	was	later	switched	to	only	glucose,	it	is	possible	
that	a	cellobiose	utilizing	sub-population	was	washed	out.	
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Figure	7.	Calculated	specific	growth	rate	(h-1)	of	two	carbon-limited	chemostats,	A:	C7	and	B:	C8,	run	anaerobically	at	55	oC	
with	a	dilution	rate	of	0.1	h-1	and	fed	with	a	defined	minimal	medium.	The	feed	vessel	was	replaced	at	indicated	point	

(arrow)	changing	from	5	g/l	cellobiose	(CB)	to	2.5	g/l	CB	and	2.5	g/l	glucose.	Calculations	were	made	in	Matlab	based	on	the	
change	of	on-line	optical	density	(OD850)	in	20-minute	intervals	and	assuming	constant	liquid	volume,	perfect	mixing	and	

equal	in-	and	outgoing	flow	rate	(see	Appendix	B).	

3.2. Continuous	cultures	with	cellobiose	and	fructose		
The	experiment	continued	with	isolation	of	C.	thermocellum	growing	on	fructose	and	investigation	of	
physiological	 changes,	 again	 with	 continuous	 cultures	 on	 increasing	 concentration	 of	 fructose	 in	
combination	 with	 decreasing	 concentration	 of	 cellobiose.	 In	 total	 five	 steady-state	 samples	 were	
retrieved,	two	on	cellobiose,	one	on	half	of	each	carbohydrate	and	two	on	fructose.	A	rapid	decline	
was	initially	observed	with	dual	substrates	and	it	took	105	and	190	h	for	C7	and	C8,	respectively,	until	
fructose	was	utilized	(Figure	8).	However,	approximately	0.5	g/l	fructose	was	not	utilized,	although	it	
remains	 to	 be	 confirmed	 by	 enzymatic	 kits.	 Linear	 increases	 in	 OD850	 were	 observed	 for	 both	
chemostats	but	was	not	observed	 in	off-line	biomass	measurements	and	consumed	 fructose	 levels	
(Figure	 8).	 It	 was	 most	 probably	 due	 to	 biofilm	 formation	 on	 the	 OD	 probe,	 as	 wall	 growth	 was	
observed	 in	both	chemostats	when	the	feed	contained	fructose.	As	fructose	started	to	get	utilized,	
wall	growth	decreased	but	remained	present	throughout	the	cultivation	(Table	4).	Thus,	steady-state	
samples	 on	 the	 liquid	 phase	 no	 longer	 represented	 the	 whole	 culture.	 Due	 to	 unstable	 and	
unrepresentative	on-line	OD850,	small	samples	were	taken	to	measure	off-line	OD600	as	indication	of	a	
stable	liquid	culture.		

A	 B
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Figure	8.	On-line	optical	density	(OD850)	in	liquid	culture	of	two	parallel	carbon-limited	chemostats,	A:	C7	and	B:	C8,	run	
anaerobically	at	55	oC	with	a	dilution	rate	of	0.1	h-1.	The	cultivation	started	with	a	batch	phase	on	5	g/l	cellobiose	(CB)	and	

was	then	continuously	fed	with	a	defined	minimal	medium.	The	feed	vessel	was	replaced	and	contained	different	
combinations	of	CB	and	fructose	(fru),	as	indicated.	Samples	A	to	D	were	withdrawn	after	4-5	residence	times	on	each	

combination	with	a	stable	on-line	OD850.	Residual	fructose	and	total	organic	carbon	in	cell	pellet	(TOC)	are	shown	as	average	
±	standard	deviation	(n	=	3).	

Table	4.	Culture	color	and	wall	growth	of	two	carbon-limited	chemostats,	C7	and	C8,	run	anaerobically	at	55	oC	with	a	
dilution	rate	of	0.1	h-1	and	fed	with	a	defined	minimal	medium.	The	feed	vessel	was	replaced	and	had	different	combinations	

of	cellobiose	(CB)	and	fructose	(fru)	accordingly:	A	and	B,	5	g/l	CB;	C,	2.5	g/l	CB	and	2.5	g/l	fru;	D	and	E,	5	g/l	fru.	

Observation Reactor A B C D E 
Color C7 Light	yellow Light	gray Gray Yellow Yellow 

C8 Light	yellow Light	gray Dark	gray Dark	gray Gray 
Wall	growth C7 Non Non High Low Low 

C8 Non Non High High High 
	
A	 darker	 culture	 color	 emerged	 in	 both	 reactors	 when	 the	 feed	 contained	 fructose	 (Table	 4).	
Microscopic	pictures	revealed	presence	of	few	granulated	cells	that	were	slightly	motile	and	similar	
size	 to	 C.	 thermocellum	 (Figure	 9),	 however	 no	 contamination	 was	 detected.	 The	 change	 of	
morphology	and	biofilm	formation	might	have	been	stress-responses	to	fructose.	Data	on	substrate	
consumption	 (Figure	 10A)	 and	 biomass	 concentration	 (Figure	 10B)	 were	 similar	 between	 the	
bioreactors.	Average	biomass	yield	was	0.17	±	0.01	gC	cell/gC	cellobiose	(point	A	and	B),	which	was	
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the	 same	 as	 previous	 run	 on	 cellobiose,	 and	 0.20	 ±	 0.01	 gC	 cell/gC	 fructose	 (point	 D	 and	 E),	
corresponding	to	a	18	%	increase	(Figure	10C).	Acetate,	ethanol,	 formate	and	lactate	changed	0.7-,	
0.6-,	0.7-	and	0.2-fold,	respectively,	on	fructose	compared	to	cellobiose	(point	C	and	D	versus	A	and	B,	
Figure	10C).	

				 	
Figure	9.	Microscopic	pictures	of	a	culture	sample	from	a	carbon-limited	chemostats	(C8)	run	anaerobically	at	55	oC	with	a	
dilution	rate	of	0.1	h-1.	The	picture	was	taken	after	50	h	feed	with	2.5	g/l	cellobiose	and	2.5	g/l	fructose	in	a	defined	minimal	

medium.	Granulated	C.	thermocellum	is	marked	with	a	red	circle.		

	

Figure	10.	Steady-state	data	of	two	parallel	carbon-limited	chemostats,	C7	and	C8,	sharing	the	same	feed	of	defined	
minimal	medium	and	run	anaerobically	at	55	oC	with	a	dilution	rate	of	0.1	h-1.	The	feed	vessel	was	replaced	and	contained	
different	combinations	of	cellobiose	(CB)	and	fructose	(fru).	Samples	A	to	E	were	withdrawn	on	each	combination	after	4-5	
residence	times	with	a	stable	on-line	optical	density	(OD850).	Figure	A:	CB	and	fru	in	feed	(Sin,	CB	and	Sin,	fru)	and	effluent	(Sout,	
CB	and	Sout,	glc).	B:	cell	dry	weight	(CDW),	off-line	OD600	and	total	organic	carbon	in	cell	pellet	(TOC).	C:	total	consumed	carbon	
source	(Scons.	total),	TOC	and	biomass	yield	(YXS),	calculated	on	a	carbon	basis	assuming	steady-state,	as	described	in	Appendix	
B.	D:	main	fermentation	products.	CO2	and	H2	was	not	measured.	Data	in	tables	are	found	in	Appendix	A.	Data	is	shown	as	

average	±	standard	deviation	(n	=	3	for	all	except	Sin,	CB	and	Sin,	glc,	where	n	≥	2).	
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3.3. Cellobiose	spike	on	fructose	grown	continuous	cultures	
To	test	if	the	culture	had	retained	its	capability	to	utilize	cellobiose,	the	chemostats	were	spiked	with	
cellobiose	and	the	feed	was	stopped.	Both	bioreactors	C7	(Figure	11A)	and	C8	(Figure	11B)	showed	
direct	growth	on	cellobiose,	as	indicated	by	both	on-line	OD850	and	TOC,	however	all	cellobiose	was	
not	consumed	when	growth	rate	significantly	decreased.	The	calculated	final	cellobiose	concentration	
was	10	g/l	in	each	reactor,	which	was	reached	in	C7	(Figure	11A)	but	not	C8	(Figure	11B).	However,	the	
TOC	 concentration	 increased	 while	 cellobiose	 was	 constant	 in	 Figure	 11B,	 thus	 cellobiose	
concentration	at	the	spike	was	most	probably	an	artefact.	The	decrease	in	growth	rate	while	cellobiose	
was	not	depleted	could	indicate	depletion	of	other	nutrients.		

	

Figure	11.	Change	of	on-line	optical	density	(OD850),	cellobiose	in	effluent	(blue	open	circles)	and	total	organic	carbon	in	cell	
pellet	(TOC)	during	a	cellobiose	spike	in	two	parallel	carbon-limited	chemostats,	A:	C7	and	B:	C8.	The	spike	consisted	of	50	
ml	of	70	g/l	cellobiose	to	300	ml	continuous	cultures	growing	on	5	g/l	fructose	at	dilution	rate	0.1	h-1,	55	oC	and	200	RPM.	
The	theoretical	final	cellobiose	concentration	was	10	g/l.	As	indicated,	cellobiose	was	added	and	the	feed	was	stopped.	

3.4. Screening	of	single	colony	isolates	from	continuous	cultures	growing	on	glucose	
As	the	first	objective	of	growing	C.	thermocellum	on	glucose	and	fructose	as	sole	carbon	source	was	
completed,	the	second	objective	was	to	isolate	single	colonies	to	generate	genetically	homogenous	
cultures	 for	 freezer	 stocks	and	whole	genome	re-sequencing.	After	a	 first	 round	of	plating,	 several	
colonies	were	 picked	 and	 screened	 for	 growth	 characteristics	 in	 200	µL	 batch	 cultivations	 using	 a	
sealed	96-well	plate	(Figure	3).	A	wild-type	control	only	grew	on	cellobiose.	Single	colony	isolates	grew	
both	 on	 glucose	 and	 cellobiose,	 showing	 a	 lag	 phase	 followed	by	 an	 exponential	 phase.	However,	
isolates	 8F,	 8G,	 8I,	 8J,	 8K	 and	8L	 showed	 a	 subsequent	 semi-linear	 growth	phase,	 before	 reaching	
stationary	phase	(Figure	12).		
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Figure	12.	Optical	density	(OD600)	curves	over	time	(72	h)	for	single	colony	isolates	growing	on	5	g/l	glucose	(blue	grid)	and	5	
g/l	cellobiose	(red	grid)	inside	an	anaerobic	chamber	in	a	sealed	96-well	plate	at	55	oC.	Wells	were	inoculated	with	single	
colony	isolates	from	two	parallel	carbon-limited	chemostats	growing	on	5	g/l	glucose:	7A-7G	from	chemostat	C7	and	8F-8L	
from	chemostat	C8.	Wild-type	C.	thermocellum	(WT)	was	used	as	a	control,	whereas	“blank”	wells	were	un-inoculated	
controls.	A	plate	reader	measured	OD600	every	three	minutes	after	30	s	of	“medium”	linear	shaking.	Black	crossed	curves	

represent	unsuccessful	inoculation	or	preparation	and	were	excluded.	

All	 isolates	 showed	 similar	 performance	on	 glucose	with	µmax	 between	 0.24	 and	 0.29	 h-1,	whereas	
higher	 growth	 rates	 comparable	 to	 wild-type	 were	 observed	 on	 cellobiose	 (Figure	 13A).	 Isolates	
reached	different	final	biomass	yields	on	glucose	compared	to	cellobiose	(Figure	13A).	The	lag	times	
were	more	than	double	on	glucose	compared	to	cellobiose	for	all	except	7D,	7E,	7F	and	8L	(Figure	13C).		

	
Figure	13.	Growth	kinetics	on	single	colony	isolates	growing	on	5	g/l	glucose	(orange)	and	5	g/l	cellobiose	(green)	in	a	sealed	
96-well	plate	at	55	oC.	Single	colony	isolates	were	from	two	parallel	carbon-limited	chemostats	growing	on	5	g/l	glucose:	7A-
7G	from	chemostat	C7	and	8F-8L	from	chemostat	C8.	Wild-type	C.	thermocellum	(WT)	was	used	as	a	control.	A:	calculated	

maximum	specific	growth	rate.	B:	measured	maximal	optical	density	(OD600).	C:	calculated	lag	time.	Data	is	shown	as	
average	±	standard	deviation	(n	=	2	for	all	except	7B	and	7G,	where	n	=	1).	Calculations	are	found	in	Appendix	C.	
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Four	 isolates	 from	 each	 chemostat	 were	 chosen	 for	 subsequent	 two	 rounds	 of	 plating	 to	 cover	
different	 growth	 characteristics.	 Picked	 single	 colony	 isolates	 and	 their	 designated	 LL-number	 are	
shown	in	Table	5.	

	Table	5.	LL	number	designation	for	single	colony	isolates	from	two	carbon-limited	chemostats	growing	on	5	g/l	glucose.	

	

	

	

3.5. Cellulolytic	capability	and	serial	transfers	on	cellobiose	and	glucose	
It	 is	 important	that	the	cellulolytic	capability	of	the	single	colony	 isolates	 is	retained	for	future	CBP	
applications.	 This	 was	 roughly	 tested	 by	 inoculating	 5-ml	 serum	 tubes	 with	 5	 g/l	 Avicel	 and	 only	
qualitatively	estimate	growth	by	amount	settled	Avicel.	After	two	days,	 isolates	from	chemostat	C7	
showed	less	settled	Avicel	than	C8	and	had	turned	slightly	yellow.	A	control	strain	(wild-type)	showed	
least	settled	Avicel	and	stronger	yellow	color.	This	preliminary,	quick	test	showed	that	the	cellulolytic	
capability	was	retained,	albeit	slower	than	the	starting	strain.		

Growth	on	glucose	after	serial	transfer	on	cellobiose	in	serum	tubes	took	<27	h	to	reach	OD600	>	0.2	
for	most	isolates.	A	control	strain	(wild-type)	inoculated	in	5	g/l	glucose	in	serum	tubes	showed	150	h	
lag	time,	but	serial	transfer	on	cellobiose	and	glucose	reduced	the	lag	time	up	to	27	h.	These	tests	were	
only	performed	in	one	replicate.	

3.6. Screening	of	single	colony	isolates	from	continuous	cultures	growing	on	fructose	
Similar	to	the	glucose	run,	single	colony	isolation	was	pursued	to	generate	genetically	homogenous	
cultures	 for	 freezer	 stocks	 and	whole	 genome	 sequencing.	All	 isolates	 grew	exponentially	 on	both	
cellobiose	and	fructose	 in	200	µL	batch	cultivations	using	a	96-well	plate	(Figure	14).	The	wild-type	
control	 grew	 on	 cellobiose	 but	 not	 fructose	 as	 expected.	 The	 stationary	 growth	 phase	 showed	
decreasing	OD	for	all	isolates	except	8W	and	7Q,	which	was	an	interesting	growth	characteristic.		

In	contrast	to	previous	test,	the	cellulolytic	capability	was	tested	on	the	96-well	plate	with	2	g/l	Avicel.	
It	could	not	be	qualitatively	determined	as	Avicel	did	not	resuspend	by	the	shaking	method	of	the	plate	
reader,	 instead	a	 layer	of	highly	absorbing	particles	settled.	Measured	OD	decreased	as	Avicel	was	
solubilized,	which	can	be	used	as	an	indication	of	growth	(Figure	14).	This	could	also	be	observed	in	
very	low	amount	settled	Avicel	in	comparison	to	an	un-inoculated	control	at	the	end	of	the	cultivation	
(Figure	15).		

LL	number	 Alternative	name	 LL	number	 Alternative	name	
LL1516	 8K	 LL1520	 7D	
LL1517	 8J	 LL1521	 7E	
LL1518	 8G	 LL1522	 7C	
LL1519	 7F	 LL1523	 8F	
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Figure	14.	Optical	density	(OD600)	curves	over	time	(72	h)	for	single	colony	isolates	growing	on	2	g/l	Avicel	(blue	grid),	5	g/l	
cellobiose	(red	grid)	and	5	g/l	fructose	(green	grid)	inside	an	anaerobic	chamber	in	a	sealed	96-well	plate	at	55	oC.	Wells	

were	inoculated	with	single	colony	isolates	from	two	parallel	carbon-limited	chemostats	growing	on	5	g/l	fructose:	“7”	from	
chemostat	C7	and	“8”	from	chemostat	C8.	Wild-type	C.	thermocellum	(WT)	was	used	as	a	control,	whereas	“blank”	wells	
were	un-inoculated	controls.	A	plate	reader	inside	an	anaerobic	chamber	measured	OD600	every	three	minutes	after	30	s	of	

“medium”	linear	shaking.		
	

	
Figure	15.	A	scanned	photography	after	72	h	of	single	colony	isolates	growing	on	2	g/l	Avicel	in	a	sealed	96-well	plate.	Wells	

were	inoculated	with	single	colony	isolates	from	two	parallel	carbon-limited	chemostats	growing	on	5	g/l	fructose.	Un-
inoculated	wells	are	marked	‘B’	and	showed	a	white	layer	of	settled	Avicel.	All	other	wells	showed	a	thin	layer	of	light-yellow	

suspension.	

Growth	 rates	 varied	 between	 0.37	 and	 0.44	 h-1	 on	 fructose	 and	 between	 0.40	 and	 0.49	 h-1	 on	
cellobiose,	 which	 was	 comparable	 to	 the	 wild-type	 control	 (Figure	 16A).	 Isolates	 reached	 equal	
maximum	biomass	on	both	fructose	and	cellobiose	(Figure	16B).	The	lag	time	was	2-4	h	on	fructose	
and	4-7	h	on	cellobiose	(Figure	16C).		
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Figure	16.	Growth	kinetics	on	single	colony	isolates	growing	on	5	g/l	fructose	(orange)	and	5	g/l	cellobiose	(green)	in	a	
sealed	96-well	plate	at	55	oC.	Single	colony	isolates	were	from	two	parallel	carbon-limited	chemostats	growing	on	5	g/l	
fructose:	“7”	from	chemostat	C7	and	“8”	from	chemostat	C8.	Wild-type	C.	thermocellum	(WT)	was	used	as	a	control.	A:	
calculated	maximum	specific	growth	rate.	B:	measured	maximal	optical	density	(OD600).	C:	calculated	lag	time.	Data	is	

shown	as	average	±	standard	deviation	(n	=	2	for	all	except	7B	and	7G,	where	n	=	1).	Calculations	are	found	in	Appendix	C.	

Single	colony	isolates	were	picked	to	cover	different	growth	characteristics,	as	indicated	in	Table	6,	
and	given	LL-numbers	according	to	Table	7.	
	
Table	6.	Single-colony	isolates	picked	to	cover	variation	in	growth	characteristics	on	cellobiose	and	glucose	based	on	growth	
on	96-well	plate.	Single	colony	isolates	were	from	two	parallel	carbon-limited	chemostats	growing	on	5	g/l	fructose:	“7”	
from	chemostat	C7	and	“8”	from	chemostat	C8.	Comparison	was	only	made	between	isolates	from	the	same	chemostat.	

Isolate	 Comparison	within	same	chemostat	
7AA	 Highest	growth	rate	on	fructose.	Highest	OD	on	fructose	
7W	 Highest	OD	on	cellobiose	
7T	 Highest	growth	rate	on	fructose	
7Q	 Lowest	growth	rate	on	cellobiose	and	fructose	
8W	 Constant	OD	curve	at	stationary	phase.	Highest	OD	on	fructose	
8U	 Highest	growth	rate	on	cellobiose	and	fructose	
8T	 Lowest	growth	rate	on	cellobiose	
8P	 Highest	OD	on	cellobiose	

	
Table	7.	LL	number	designation	for	single	colony	isolates	from	two	carbon-limited	chemostats	growing	on	5	g/l	fructose.	

LL	number	 Alternative	name	 LL	number	 Alternative	name	
LL1538	 7W	 LL1542	 8W	
LL1539	 7T	 LL1543	 8P	
LL1540	 7AA	 LL1544	 8U	
LL1541	 8T	 LL1545	 7Q	

7AA 7Y 7X 7W 7U 7T 7Q 8W 8U 8T 8R 8P 8O 8M Cont
rol

Frucose 0,44 0,40 0,41 0,40 0,41 0,44 0,37 0,43 0,44 0,42 0,43 0,43 0,43 0,43 0

Cellobiose 0,42 0,44 0,41 0,42 0,40 0,43 0,40 0,47 0,49 0,43 0,47 0,48 0,46 0,47 0,44
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3.7. Genetic	modifications	
It	 was	 hypothesized	 that	when	 the	malate	 shunt	 is	 deleted,	 NfnAB	 is	 used	 to	 generate	 necessary	
NADPH	for	biosynthesis.	To	test	this	hypothesis,	knock-out	of	nfnAb	in	a	malate	shunt	deficient	strain	
LL1251	was	attempted.	Wild-type	LL345	was	used	as	a	positive	control	as	 it	has	been	successful	by	
others	(Lo	et	al.,	2017).	A	deletion	plasmid	pJY1	was	successfully	transformed	into	both	LL1251	and	
LL345	with	transformation	efficiencies	varying	between	9000	and	50000	colony	forming	units	(CFU)/µg	
plasmid.	Simultaneous	positive	and	negative	selection	with	Tm	and	FUDR	selects	for	gene	disruption	
and	cassette	insertion	at	genome	level.	Plating	with	Tm	and	FUDR	showed	a	selection	of	one	in	105	
cells	LL1251	and	one	in	104	cells	LL345	compared	to	only	Tm.	The	expected	size	of	external	region	of	
nfnAB	(primers	annealing	outside	of	the	gene)	was	5037	bp	with	the	native	gene	and	6085	bp	with	
cassette	insertion.	It	is	clear	in	Figure	17A	that	LL345	had	one	of	eight	colonies	with	the	cassette,	while	
LL1251	had	none.	This	was	confirmed	by	PCR	amplification	of	a)	an	internal	region	(1218	bp)	visible	
only	if	the	gene	is	intact	(Figure	17B),	b)	a	Pcbp-tdk	region	(1029	bp)	that	is	not	expected	after	FUDR	
selection	 (Figure	17C)	 and	 c)	 a	cat-hpt	 region	 (616	bp)	present	 in	 the	 cassette	 (Figure	17D).	 LL345	
colony	7	therefore	showed	successful	gene	disruption	and	cassette	insertion.	Another	12	colonies	of	
LL1251	was	screened	without	any	gene	disruption.		

		 	

		 	
Figure	17.	Gels	showing	PCR	amplicons	on	selected	colonies	from	LL1251	and	LL345	after	positive	and	negative	selection	with	
Tm	and	FUDR	for	deletion	of	nfnAB.	A:	external	region	of	nfnAB	gene.	B:	internal	region	in	nfnAB	gene.	C:	Pcbp-tdk	on	plasmid.	
D:	 cat-hpt	 genes	 on	 cassette	 either	 integrated	 into	 genome	 or	 on	 plasmid.	 Controls	were	made	with	wild-type	 (LL1004)	
genome	(G),	plasmid	pJY1	(P)	and	without	DNA	template	(N).	The	same	DNA	ladder	is	used	in	all	gels.	

LL345	colony	7	was	continued	with	to	practice	the	complete	deletion	protocol.	8AZH	plating	selected	
for	one	of	104	cells	compared	to	growth	without	8AZH.	PCR	verification	showed	clean	deletion	(2807	
bp),	i.e.	absent	nfnAB	and	selective	cassette	(Figure	18).	This	coincided	with	absent	cat-hpt	gene	which	
also	indicated	successful	cassette	removal.		
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Figure	18.	Gel	with	PCR	amplified	external	nfnAB	region	of	LL345	colonies	(lane	1,	2	and	3)	after	8AZH	selection.	Successful	
clean	deletion	shows	a	2807-bp	band,	while	the	native	gene	shows	a	5037-bp	band.	Controls	were	made	with	wild-type	

(LL1004)	genome	(G),	plasmid	pJY1	(P)	and	without	DNA	template	(N).	

Disruption	 of	 nfnAB	 in	 LL1251	 was	 attempted	 a	 second	 time	 and	 showed	 the	 native	 gene	 in	 15	
screened	colonies	after	Tm	and	FUDR	selection.	In	the	third	attempt,	small	modifications	were	made	
in	 the	 first	 positive	 selection	 by	 selecting	 on	 both	 solid	 and	 liquid	 media	 with	 higher	 and	 lower	
dilutions.	A	 total	of	37	 colonies	were	 screened	after	Tm	and	FUDR	selection.	 The	external	primers	
showed	clean	deletion	of	nfnAB	for	four	colonies	and	two	of	them	were	subsequently	plated	on	8AZH	
as	described	above.	However,	the	PCR	result	after	8AZH	selection	were	inconclusive.	External	primers	
still	showed	the	clean	deletion,	while	internal	primers	showed	an	intact	internal	region.	Also,	Pcbp-tdk	
primers	and	cat-hpt	primers	showed	bands	that	suggested	gene	disruption	and	cassette	insert.	The	
genetic	tools	could	thus	not	confirm	nfnAB	deletion	and	no	more	attempts	were	pursued.	
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4. Discussion	

Growth	 of	 C.	 thermocellum	 in	 two	 parallel	 carbon-limited	 chemostats	 with	 increasing	 glucose	 or	
fructose	 concentration	 and	 decreasing	 cellobiose	 of	 cellobiose	 showed	 different	 growth	 features.	
Firstly,	 long	 time	was	needed	until	 the	 culture	 started	 to	utilize	 fructose	and	 the	period	 for	which	
fructose	remained	unutilized	was	different	between	chemostat	C7	and	C8	(105	and	190	h,	respectively,	
Figure	 8).	 Furthermore,	 single	 colony	 isolates	 from	 continuous	 cultures	 growing	 on	 fructose	 grew	
equally	well	on	fructose	as	on	cellobiose,	with	comparable	maximum	specific	growth	rate	(µmax),	lag	
time	 and	 growth	 curve.	 These	observed	 features	might	 indicate	 that	 a	 special	 event	must	 happen	
before	cells	 can	 facilitate	growth	on	 fructose	and	when	 that	event	happens,	growth	on	 fructose	 is	
comparable	to	growth	on	cellobiose.	This	together	with	the	stochasticity	of	the	event	suggest	that	a	
mutation	happens,	rather	than	an	adaptation.	Growth	on	glucose,	however,	could	be	an	effect	of	both	
mutation	and	adaptation.	Both	chemostats	started	utilizing	glucose	at	the	same	time	(42	and	43	h,	
Figure	5),	which	still	 could	be	a	stochastic	event	as	 the	number	of	 replicates	 is	 low.	Nochur	 (1990)	
reasoned	that	if	the	change	was	due	to	a	mutation	then	cells	would	retain	the	ability	to	grow	on	the	
monosaccharide	after	several	transfers	on	cellobiose,	whereas	if	the	cells	adapted	then	they	would	
lose	their	ability	to	grow	on	the	monosaccharide	and	thus	show	another	long	lag	time.	The	investigator	
observed	the	former	phenomenon	for	growth	on	fructose	and	glucose,	respectively	(Nochur,	1990).	In	
this	study,	isolates	from	chemostats	growing	on	glucose	were	transferred	once	on	cellobiose	and	then	
back	on	glucose	(no	time	remained	to	investigate	isolates	from	chemostats	growing	on	fructose).	The	
lag	 time	was	significantly	 lower	on	 the	second	 transfer	on	glucose,	which	would	 indicate	a	genetic	
change.	However,	the	cells	seem	to	have	a	difficulty	growing	on	glucose	compared	to	cellobiose	as	a	
lag	time	up	to	27	hours	was	repeatedly	observed	in	96-well	plate	cultures,	tube	cultures	and	agar	plate	
cultures,	even	 if	 the	 inoculum	carbon	source	was	glucose.	This	might	 indicate	that	cells	adapt	each	
time	to	glucose	but	that	these	adaptations	are	shorter	than	the	first	time	as	the	cells	evolve	for	growth	
on	glucose.		

The	physiology	in	continuous	cultures	differed	between	the	fructose	and	glucose	runs	as	well.	Stable	
growth	on	5	g/l	fructose	showed	0.5	g/l	residual	fructose,	which	remains	to	be	confirmed	in	future	
work	with	an	enzymatic	kit.	For	this	discussion,	it	is	assumed	to	be	correct	and	an	explanation	is	sought.	
Biomass	yield	(𝑌"#)	and	substrate	concentration	in	liquid	culture	(𝑠)	can	be	explained	by	equations	(4)	
and	 (5)	 in	Appendix	B,	assuming	steady-state	and	using	Monod’s	equation	 for	growth	on	a	 limited	
substrate.		

𝑥 = 𝑌"# ∗ 𝑠() − 𝑠 	 (4)	

𝑠 =
𝐾, ∗ 𝐷

𝜇/01 − 𝐷
	 (5)	

Between	steady-state	points	A/B	and	D/E	 in	Figure	10,	biomass	 (𝑥)	and	 ingoing	 substrate	 (𝑠())	are	
almost	constant,	thus	𝑌"#	will	increase	with	𝑠,	and	vice	versa	(equation	(4)).	If	µmax	is	assumed	to	be	
the	same	on	both	cellobiose	and	fructose,	then	the	observed	increase	in	residual	substrate	could	be	a	
result	of	decreased	overall	affinity	for	fructose	(𝐾,)	compared	to	cellobiose	(equation	(5)	with	constant	
dilution	rate,	D).	Although	no	measurement	of	µmax	was	performed	directly	on	the	chemostat	culture,	
subsequent	µmax	estimations	on	single	colonies	isolates	were	very	similar	on	fructose	and	cellobiose.	
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However,	 the	 increased	 biomass	 yield	 could	 also	 be	 explained	 by	 its	 definition	 (𝑌"# =
2
34
)	 by	 a	

decreased	specific	consumption	rate	(𝑞#).	Thus,	two	explanations	can	be	given	for	a	higher	residual	
substrate	 concentration	 compared	 to	 cellobiose,	 either	 lower	 affinity,	 for	 instance	 in	 substrate	
transporters	or	metabolic	enzymes,	or	decreased	substrate	consumption	rate.	Furthermore,	growth	
on	 glucose	 showed	 lower	 biomass	 yield	 compared	 to	 cellobiose,	 which	 reflects	 the	 bioenergetic	
benefit	 of	 growing	 on	 cellobiose	 due	 to	 efficient	 substrate	 uptake	 combined	 with	 phosphorolytic	
cleavage.	Growth	on	glucose	also	produced	more	acetate,	which	is	an	ATP-yielding	reaction	(Figure	1).	
This	could	be	a	compensating	effect	for	the	increased	ATP	cost	for	substrate	import,	although	biomass	
yields	still	are	lower.	These	features	were	not	observed	for	growth	on	fructose	and	taken	together	with	
either	 lowered	 substrate	 affinity	 or	 substrate	 consumption	 rate,	 these	 results	 indicate	 a	 different	
substrate	transport	mechanism	and/or	metabolism	of	fructose.		

The	difference	in	observed	phenotypes	will	be	addressed	in	future	work	by	genome-wide	sequencing	
analysis	on	single	colony	isolates	(genetically	homogenous	cultures)	in	comparison	to	wild-type	DSM	
1313	 genome.	 If	mutations	 are	 identified,	 reintroduction	 into	wild-type,	 preferably	 one	 by	 one	 to	
exclude	epistatic	effects,	and	subsequent	physiological	tests	on	glucose	and	fructose	is	suggested	to	
elucidate	the	specific	set	of	relevant	genetic	changes	that	enables	growth	on	these	monosaccharides.	
This	way,	chemostats	act	as	evolutionary	machines	with	high	diversity	(Conrad	et	al.,	2014)	and	select	
for	cells	capable	of	growing	on	glucose	and	 fructose.	Using	whole-genome	sequencing	analysis	has	
been	evaluated	as	superior	to	transcriptomic,	proteomic	and	metabolomics	analyses	as	an	initial	effort	
to	directly	and	reproducibly	identify	relevant	genes,	at	 least	within	yeast	biotechnology	(Oud	et	al.,	
2012).	However,	as	adaptive	laboratory	evolution	has	shown	that	regulatory	networks	are	more	prone	
to	change	than	genetic,	proteomic	or	metabolic	networks	(Conrad	et	al.,	2014),	it	will	also	be	important	
to	 investigate	 transcriptional	 changes.	 Such	 changes	may	 be	 important	 if,	 for	 instance,	 growth	 on	
glucose	 and	 fructose	 requires	 deregulation	 of	 a	 transporter.	 Therefore,	 RNA	 sequencing	 is	 also	
suggested	on	steady-state	points	with	mono	and	dual	substrates	to	measure	transcriptional	responses,	
as	 well	 as	 identification	 of	 mutations	 in	 coding	 sequences.	 However,	 the	 different	 phenotypes	
observed	in	the	chemostats	in	this	study	(biofilm	formation,	culture	color	and	degree	of	granulation)	
may	pose	 interpretation	challenges,	despite	that	a	controlled	chemostat	setting	generally	gives	the	
benefit	of	uncoupling	growth	rate	and	environmental	effects	on	the	transcriptome	(Daran-Lapujade	et	
al.,	2008).	Finally,	genetic	and	transcriptomic	networks	can	be	complemented	with	a	more	extensive	
proteomic	analysis,	although	enzyme	assays	on	a	small	set	of	selected	reactions	are	suggested	as	initial	
efforts.	Overall,	the	approach	starts	with	understanding	the	genetic	basis	and	complementing	with	the	
biochemical	impact	(Oud	et	al.,	2012).	This	methodology	of	dissecting	a	cell,	analyzing	its	components	
and	 subsequently	 reconstruct	 the	 components	 that	 together	 gives	 a	 desired	 phenotype,	 has	 been	
named	reverse,	or	inverse,	metabolic	engineering	(Bailey	et	al.,	2002;	Oud	et	al.,	2012).	Not	only	does	
this	methodology	give	insights	into	fundamental	biology,	such	as	phenotype-genotype	relationships,	
it	also	has	the	added	benefit	of	eliminating	neutral	or	deleterious	random	mutations	that	may	happen	
during	prolonged	growth	and	many	generations	in	both	continuous	cultures	and	serial	transfers.		

High	 feedstock	yields	are	of	key	 importance	 for	production	of	 low-value	products	 such	as	ethanol.	
Since	hydrolysis	of	industrially	relevant	cellulosic	biomass	yields	a	complex	substrate	mixtures,	having	
a	strain	that	can	utilize	most	of	the	substrate	available	will	be	important	for	high	yields.	Insight	into	
which	 set	 of	 genetic	 modifications,	 if	 any,	 is	 required	 for	 glucose	 and	 fructose	 utilization	 in	 C.	
thermocellum	can	be	used	to	improve	ethanol	production	performance	in	a	robust	ethanogenic	strain.	
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Furthermore,	glucose	and	fructose	are	cheaper	model	substrates	compared	to	cellobiose	and	allow	
low-cost	 investigation	of	high	substrate	 loadings	relevant	to	 industrial	settings.	Thus,	 the	 increased	
substrate	range	of	C.	thermocellum	will	be	important	to	increase	fundamental	knowledge	and	improve	
ethanol	production.		

The	role	of	nfnAB	has	so	far	only	been	theoretical.	Deletion	of	nfnAB	in	wild-type	has	previously	been	
shown	to	have	little	effect	on	ethanol	production	(Lo	et	al.,	2017).	So	far,	it	is	believed	that	the	cell	has	
at	 least	 two	 transhydrogenase	 reactions	 (interconversion	between	NADH	and	NADPH):	 the	malate	
shunt	and	nfnAB.	The	malate	shunt	has	been	shown	to	be	active	and	it	is	hypothesized	that	nfnAB	is	
active	in	a	background	with	malate	shunt	deleted	or	inactive	(Olson	et	al.,	2017).	However,	there	could	
be	another	(third)	pathway	for	transhydrogenase	activity.	Thus,	deleting	nfnAB	in	a	strain	with	inactive	
malate	shunt	(LL1251)	would	be	one	way	to	prove	that	another	pathway	might	exist.	In	this	work,	it	
was	not	possible	to	select	for	a	nfnAB	knock-out	in	LL1251.	Three	reasons	might	explain	the	result:	a)	
the	 deletion	 was	 successful	 but	 the	 strain	 does	 not	 grow	 as	 nfnAB	 is	 essential	 in	 the	 LL1251	
background,	b)	the	deletion	was	successful	but	turned	a	medium	component	toxic,	or	c)	the	selection	
failed	due	to	a	mutation	in	a	selection	marker,	e.g.	tdk.	It	is	also	possible	that	a	contamination	with	
wild-type	C.	thermocellum	outgrew	mutants.	In	this	work,	colonies	grew	after	positive	and	negative	
selection,	which	theoretically	should	disrupt	the	gene	and	replace	it	with	a	marker	cassette.	One	in	105	
cells	grew	on	Tm	and	FUDR	and	a	total	of	70	colonies	were	screened	after	Tm	and	FUDR	selection	for	
gene	disruption.	No	gene	disruption	was	found,	which	suggests	that	the	selection	failed	due	to	at	least	
70-fold	higher	mutation	frequency	compared	to	gene	disruption.	The	low	deletion	frequencies	could	
be	expected	if	a	deletion	cripples	the	cell	significantly.	To	address	the	problem,	either	more	colonies	
could	be	screened	or	the	medium	changed	to	facilitate	easier	growth	of	the	crippled	cells.	For	instance,	
components	that	yield	NADPH	upon	degradation,	such	as	an	alcohol,	or	alleviates	NADPH	consumption	
upon	uptake,	such	as	glutamine	compared	to	urea,	could	be	added	to	the	medium.	Such	investigation	
was	not	pursued	 in	 this	work	and	 could	be	a	 task	 for	 future	work.	Based	on	 the	 current	work,	no	
evidence	could	with	confidence	either	support	or	 falsify	 the	hypothesis	 that	nfnAB	 is	essential	 in	a	
background	 where	 malate	 shunt	 is	 deleted.	 However,	 it	 provides	 weak	 indication	 that	 no	 other	
transhydrogenase	 was	 active	 in	 LL1251	 except	 for	 nfnAB.	 Deletion	 of	 nfnAB	 in	 different	 strain	
backgrounds	 in	 future	 work	 could	 inform	 on	 its	 role,	 as	 insight	 into	 the	 balance	 of	 nicotinamide	
cofactors	is	important	for	improving	ethanol	production	by	metabolic	engineering.	
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5. Appendices	

5.1. Appendix	 A.	 Data	 collected	 from	 two	 parallel	 carbon-limited	 chemostats	 on	 5	 g/l	
carbohydrate	in	defined	medium	

The	sampling	data	collected	from	three	consecutive	continuous	cultivations	are	presented	below.	The	
first	 cultivation	with	 cellobiose	 and	 glucose	 (Table	 8)	 became	 contaminated	 in	 the	 end,	while	 the	
second	 cultivation	 with	 cellobiose	 and	 glucose	 that	 stayed	 uncontaminated	 (Table	 9).	 The	 third	
cultivation	was	with	cellobiose	and	fructose	and	no	contamination	was	detected	during	or	after	the	
run	(Table	10).		

Table	8.	Data	from	samples	collected	from	two	parallel	carbon-limited	chemostats	C7	and	C8	in	defined	minimal	medium	fed	
with	different	concentrations	of	cellobiose	and	glucose	as	indicated.	Points	A	to	D	are	sample	points	taken	after	steady-state	
was	reached	(4-5	residence	times	and	stable	on-line	and/or	off-line	OD)	for	each	reactor.	Contamination	was	discovered	by	

PCR	amplification	with	16S	rRNA	primers	in	sample	point	E	and	F	in	both	reactors.	Parameter	sin	represents	substrate	
concentration	in	feed,	s	represents	substrate	concentration	in	liquid	culture	fraction	of	the	reactor,	OD600	is	optical	density	
at	600	nm,	CDW	is	cell	dry	weight,	TOC	is	total	organic	carbon	measured	in	washed	cell	pellet,	TN	is	total	nitrogen	in	washed	

cell	pellet,	and	YXS	represents	biomass	yield	(see	equations	(8)-(9)	in	Appendix	B).	Data	is	shown	as	average	(ave)	with	
standard	deviation	(SD)	based	on	3	technical	replicates,	except	for	substrate	concentrations	that	has	n	³	2	and	are	averages	

of	samples	taken	at	different	time	points.	

		Reactor:	 	 C7	 C8	
Parameter	 A	 B	 C	 D	 E	 F	 A	 B	 C	 D	 E	 F	

		sin,	cellobiose	(g/l)	
Ave	 4.70	 4.71	 3.77	 2.34	 0.95	 <0.01	 4.70	 4.71	 3.77	 2.34	 0.95	 <0.01	
SD	 0.07	 0.09	 0.07	 0.05	 0.01	 <0.01	 0.07	 0.09	 0.07	 0.05	 0.01	 <0.01	

		sin,	glucose	(g/l)	
Ave	 0.05	 0.06	 0.98	 2.34	 3.76	 4.56	 0.05	 0.06	 0.98	 2.34	 3.76	 4.56	
SD	 <0.01	 <0.01	 0.01	 0.04	 0.03	 0.25	 <0.01	 <0.01	 0.01	 0.04	 0.03	 0.25	

		OD	(AU)	 Ave	 1.70	 1.47	 1.13	 1.15	 0.92	 0.82	 1.64	 1.32	 1.12	 1.13	 0.81	 0.86	
SD	 0.02	 0.03	 0.01	 0.01	 0.01	 0.02	 0.02	 0.03	 0.08	 0.01	 0.02	 0.02	

		CDW	(g/l)	 Ave	 0.63	 0.69	 0.65	 0.59	 0.45	 0.51	 0.64	 0.77	 0.62	 0.62	 0.33	 0.53	
SD	 0.15	 0.01	 0.01	 0.02	 0.02	 <0.01	 0.11	 0.01	 0.02	 0.01	 0.06	 0.05	

		TOC	(g/l)	 Ave	 0.31	 0.35	 0.30	 0.30	 0.24	 0.25	 0.33	 0.35	 0.31	 0.31	 0.21	 0.25	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 0.01	

		TN	(g/l)	 Ave	 0.08	 0.09	 0.07	 0.07	 0.06	 0.06	 0.08	 0.09	 0.08	 0.08	 0.06	 0.06	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		TOC/TN	 Ave	 3.9	 4.0	 4.1	 4.0	 4.0	 4.1	 3.95	 3.93	 4.04	 4.05	 3.82	 4.04	

		scellobiose	(g/l)	
Ave	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		sglc	(g/l)	
Ave	 0.03	 0.03	 0.03	 0.01	 0.01	 0.00	 0.03	 0.03	 0.03	 0.02	 0.01	 0.01	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		YXS	(g	CDW/g	sugar)	 Ave	 0.13	 0.15	 0.14	 0.13	 0.10	 0.11	 0.13	 0.16	 0.13	 0.13	 0.07	 0.12	
SD	 0.03	 <0.01	 <0.01	 <0.01	 <0.01	 0.01	 0.02	 <0.01	 <0.01	 <0.01	 0.01	 0.01	

		YXS	(gC/gC)	
Ave	 0.15	 0.17	 0.15	 0.15	 0.13	 0.14	 0.16	 0.17	 0.16	 0.16	 0.11	 0.14	
SD	 <0.01	 0.01	 <0.01	 <0.01	 <0.01	 0.01	 <0.01	 0.01	 0.01	 <0.01	 <0.01	 0.01	

		Acetate	(g/l)	 Ave	 0.98	 1.02	 1.17	 1.25	 1.36	 1.31	 0.95	 1.02	 1.16	 1.15	 1.33	 1.32	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		Ethanol	(g/l)	 Ave	 0.73	 0.62	 0.62	 0.58	 0.58	 0.56	 0.72	 0.66	 0.61	 0.56	 0.66	 0.50	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		Formate	(g/l)		 Ave	 0.27	 0.30	 0.29	 0.28	 0.32	 0.32	 0.26	 0.35	 0.31	 0.34	 0.32	 0.34	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		Lactate	(g/l)	 Ave	 0.06	 0.05	 0.03	 0.04	 0.12	 0.10	 0.05	 0.03	 0.05	 0.04	 0.08	 0.09	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	
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Table	9.	Data	from	samples	collected	from	two	parallel	carbon-limited	chemostats	C7	and	C8	in	defined	minimal	medium	fed	
with	different	concentrations	of	cellobiose	and	glucose	as	indicated.	Points	A	to	D	are	sample	points	taken	after	steady-state	
was	reached	(4-5	residence	times	and	stable	on-line	and/or	off-line	OD)	for	each	reactor.	The	culture	was	uncontaminated	
during	and	after	the	run.	Parameter	sin	represents	substrate	concentration	in	feed,	s	represents	substrate	concentration	in	
liquid	culture	fraction	of	the	reactor,	OD600	is	optical	density	at	600	nm,	CDW	is	cell	dry	weight,	TOC	is	total	organic	carbon	
measured	in	washed	cell	pellet,	TN	is	total	nitrogen	in	washed	cell	pellet,	and	YXS	represents	biomass	yield	(see	equations	
(8)-(9)	in	Appendix	B).	Data	is	shown	as	average	(ave)	with	standard	deviation	(SD)	based	on	3	technical	replicates,	except	

for	substrate	concentrations	that	has	n	³	2	and	are	averages	of	samples	taken	at	different	time	points.	

		Reactor:	 	 C7	 C8	
Parameter	 A	 B	 C	 D	 A	 B	 C	 D	

		sin,	cellobiose	(g/l)	
Ave	 4.71	 2.37	 <0.01	 <0.01	 4.71	 2.37	 <0.01	 <0.01	
SD	 0.07	 0.03	 <0.01	 <0.01	 0.07	 0.03	 <0.01	 <0.01	

		sin,	glucose	(g/l)	
Ave	 0.05	 2.39	 4.51	 4.77	 0.05	 2.39	 4.51	 4.77	
SD	 0.01	 0.02	 0.39	 0.04	 0.01	 0.02	 0.39	 0.04	

		OD	(AU)	 Ave	 1.38	 1.24	 1.07	 1.06	 1.34	 1.05	 0.96	 0.96	
SD	 0.01	 0.01	 0.01	 0.02	 0.01	 0.01	 0.01	 0.01	

		CDW	(g/l)	 Ave	 0.71	 0.62	 0.50	 0.46	 0.67	 0.62	 0.44	 0.42	
SD	 0.06	 0.01	 0.02	 0.03	 0.03	 0.04	 0.01	 0.04	

		TOC	(g/l)	 Ave	 0.34	 0.29	 0.24	 0.24	 0.33	 0.27	 0.21	 0.21	
SD	 0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		TN	(g/l)	 Ave	 0.09	 0.08	 0.07	 0.07	 0.09	 0.07	 0.06	 0.06	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		TOC/TN	 Ave	 3.58	 3.57	 3.59	 3.58	 3.63	 3.73	 3.50	 3.57	

		scellobiose	(g/l)	
Ave	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		sglc	(g/l)	
Ave	 0.01	 0.01	 <0.01	 0.02	 0.02	 0.02	 0.03	 0.02	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		YXS	(g	CDW/g	sugar)	 Ave	 0.15	 0.13	 0.11	 0.10	 0.14	 0.13	 0.10	 0.09	
SD	 0.01	 <0.01	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	

		YXS	(gC/gC)	
Ave	 0.17	 0.15	 0.13	 0.13	 0.16	 0.14	 0.12	 0.11	
SD	 0.02	 <0.01	 0.01	 <0.01	 0.03	 <0.01	 0.01	 <0.01	

		Acetate	(g/l)	 Ave	 0.94	 1.20	 1.22	 1.37	 0.92	 1.23	 1.31	 1.31	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 0.01	 <0.01	 <0.01	 <0.01	

		Ethanol	(g/l)	 Ave	 0.80	 0.62	 0.60	 0.60	 0.81	 0.59	 0.58	 0.69	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		Formate	(g/l)		 Ave	 0.20	 0.26	 0.27	 0.27	 0.25	 0.34	 0.29	 0.29	
SD	 <0.01	 <0.01	 <0.01	 0.01	 <0.01	 <0.01	 <0.01	 0.01	

		Lactate	(g/l)	 Ave	 0.04	 0.04	 0.11	 0.11	 0.04	 0.04	 0.14	 0.16	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	
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Table	10.	Data	from	samples	collected	from	two	parallel	carbon-limited	chemostats	C7	and	C8	in	defined	minimal	medium	
fed	with	different	concentrations	of	cellobiose	and	fructose	as	indicated.	Points	A	to	D	are	sample	points	taken	after	steady-

state	was	reached	(4-5	residence	times	and	stable	on-line	and/or	off-line	OD)	for	each	reactor.	The	culture	was	
uncontaminated	during	and	after	the	run.	Parameter	sin	represents	substrate	concentration	in	feed,	s	represents	substrate	
concentration	in	liquid	culture	fraction	of	the	reactor,	OD600	is	optical	density	at	600	nm,	CDW	is	cell	dry	weight,	TOC	is	
total	organic	carbon	measured	in	washed	cell	pellet,	TN	is	total	nitrogen	in	washed	cell	pellet,	and	YXS	represents	biomass	

yield	(see	equations	(8)-(9)	in	Appendix	B).	Data	is	shown	as	average	(ave)	with	standard	deviation	(SD)	based	on	3	technical	
replicates,	except	for	substrate	concentrations	that	has	n	³	2	and	are	averages	of	samples	taken	at	different	time	points.	

		Reactor:	 	 C7	 C8	
Parameter	 A	 B	 C	 D	 F	 A	 B	 C	 D	 F	

		sin,	cellobiose	(g/l)	
Ave	 4.69	 4.69	 2.36	 0.00	 0.00	 4.69	 4.69	 2.36	 0.00	 0.00	
SD	 0.03	 0.03	 0.02	 0.00	 0.00	 0.03	 0.03	 0.02	 0.00	 0.00	

		sin,	fructose	(g/l)	
Ave	 0.00	 0.00	 2.49	 4.83	 4.83	 0.00	 0.00	 2.49	 4.83	 4.83	
SD	 0.00	 0.00	 0.03	 0.01	 0.01	 0.00	 0.00	 0.03	 0.01	 0.01	

		OD	(AU)	 Ave	 1.47	 1.51	 1.37	 1.43	 1.31	 1.39	 1.42	 1.26	 1.22	 1.19	
SD	 0.02	 0.01	 0.01	 0.01	 <0.01	 0.02	 <0.01	 <0.01	 0.01	 0.01	

		CDW	(g/l)	 Ave	 0.76	 0.75	 0.81	 0.76	 0.78	 0.75	 0.72	 0.75	 0.84	 0.79	
SD	 0.01	 0.02	 0.01	 0.01	 0.02	 <0.01	 0.04	 0.01	 0.01	 0.01	

		TOC	(g/l)	 Ave	 0.35	 0.35	 0.35	 0.35	 0.34	 0.33	 0.32	 0.36	 0.37	 0.34	
SD	 0.01	 <0.01	 <0.01	 <0.01	 0.01	 <0.01	 0.01	 <0.01	 <0.01	 0.01	

		TN	(g/l)	 Ave	 0.10	 0.09	 0.09	 0.10	 0.09	 0.09	 0.09	 0.10	 0.10	 0.09	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		TOC/TN	 Ave	 3.68	 3.64	 3.72	 3.71	 3.74	 3.59	 3.58	 3.71	 3.77	 3.81	

		scellobiose	(g/l)	
Ave	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		sglc	(g/l)	
Ave	 0.02	 0.02	 0.01	 0.01	 0.01	 0.02	 0.02	 0.01	 0.01	 0.01	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		YXS	(g	CDW/g	sugar)	 Ave	 0.16	 0.16	 0.19	 0.18	 0.18	 0.16	 0.15	 0.16	 0.19	 0.18	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		YXS	(gC/gC)	
Ave	 0.18	 0.17	 0.20	 0.20	 0.20	 0.17	 0.16	 0.19	 0.21	 0.20	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 0.01	

		Acetate	(g/l)	 Ave	 1.06	 0.98	 0.96	 0.72	 0.71	 0.95	 0.94	 0.88	 0.62	 0.60	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		Ethanol	(g/l)	 Ave	 0.76	 0.82	 0.43	 0.54	 0.51	 0.83	 0.84	 0.57	 0.52	 0.50	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		Formate	(g/l)		 Ave	 0.23	 0.19	 0.26	 0.15	 0.17	 0.21	 0.23	 0.23	 0.15	 0.17	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	

		Lactate	(g/l)	 Ave	 0.05	 0.03	 0.02	 0.02	 0.02	 0.04	 0.03	 0.01	 0.00	 0.00	
SD	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	 <0.01	
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5.2. Appendix	B.	Mass	balance	on	continuous	cultivation	
A	general	balance	can	be	made	over	the	reactor	volume	for	the	mass	flow	of	each	component:	

𝐴𝐶𝐶𝑈𝑀𝑈𝐿𝐴𝑇𝐼𝑂𝑁 = 𝐼𝑁 − 𝑂𝑈𝑇 + 𝑃𝑅𝑂𝐷𝑈𝐶𝑇𝐼𝑂𝑁/−𝐶𝑂𝑁𝑆𝑈𝑀𝑃𝑇𝐼𝑂𝑁	

A	general	mass	balance	equation	for	a	component	𝑦	(g/l)	is	

𝑑(𝑦GHI𝑉K)
𝑑𝑡

= 𝐹() ∗ 𝑦() − 𝐹GHI ∗ 𝑦GHI + 𝑟P ∗ 𝑉K	

Where	𝑉K	is	the	liquid	volume	in	the	reactor	(l),	𝐹()	and	𝐹GHI	are	the	ingoing	and	outgoing	flows	(l/h),	
𝑦()	and	𝑦GHI	are	the	concentrations	of	component	𝑦	(g/l)	in	the	ingoing	and	outgoing	flows,	and	𝑟P	is	
the	volumetric	productivity	of	component	𝑦	(g/l,	h).		

Some	assumptions	are	made	on	the	system	studied.	It	 is	assumed	that	the	liquid	volume	inside	the	
reactor	 is	 constant	 and	 perfectly	 mixed.	 As	 a	 result,	 𝑦GHI = 𝑦,	 where	 𝑦	 is	 the	 components	
concentration	(g/l)	inside	the	liquid.	The	derivate	of	𝑦 ∗ 𝑉	can	be	rewritten	with	the	product	rule	with	
Q R
QI

= 0	due	to	constant	volume.		

	
𝑑 𝑦 ∗ 𝑉

𝑑𝑡
= 𝑦 ∗

𝑑 𝑉
𝑑𝑡

+ 𝑉 ∗
𝑑 𝑦
𝑑𝑡

= 𝑉 ∗
𝑑 𝑦
𝑑𝑡

	

It	is	also	assumed	that	the	ingoing	medium	flow	is	equal	to	the	outgoing	flow,	which	gives	𝐹() = 𝐹GHI =
𝐹,	 to	simplify	calculations.	This	assumption	 is	reasonable	with	the	system	studied,	as	base	addition	
flow	 rate	was	 less	 than	 3	%	 of	 the	 total	 ingoing	 flow	 and	water	 evaporation	was	 kept	 low	with	 a	
condenser	at	4	oC.	This	results	in	following	equation.		

𝑉K
𝑑(𝑦)
𝑑𝑡

= 𝐹(𝑦() − 𝑦) + 𝑟P ∗ 𝑉K	

𝑑(𝑦)
𝑑𝑡

=
𝐹
𝑉K
(𝑦() − 𝑦) + 𝑟P	

The	 balances	 of	 growth	 substrate	 𝑠	 and	 cells	 𝑥	 are	 expressed	 below	 (𝑦 = 𝑠	𝑜𝑟	𝑥).	 The	 growth	
substrate,	such	as	cellobiose,	fructose	or	glucose,	is	present	in	both	the	inflow	and	outflow	medium	
and	 is	 consumed,	 thus	has	a	negative	volumetric	 consumption	 rate.	Neither	 cells	nor	products	are	
present	 in	 the	 inflow	 medium	 (𝑦() = 0)	 and	 their	 volumetric	 productivity	 is	 positive	 as	 they	 are	
produced.		

𝐶𝑒𝑙𝑙𝑠:	
𝑑 𝑥
𝑑𝑡

= −
𝐹
𝑉K
∗ 𝑥 + 𝑟1 = −

𝐹
𝑉K
∗ 𝑥 + µ𝑥 = 𝑥 ∗ (µ −

𝐹
𝑉K
)	 (1)	

𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒:	
𝑑 𝑠
𝑑𝑡

=
𝐹
𝑉K
(𝑠() − 𝑠) − 𝑟, =

𝐹
𝑉K
(𝑠() − 𝑠) − 𝑞,𝑥	 (2)	

Where	 the	 volumetric	 productivities	 have	 been	 expressed	 as	 𝑟, = 𝑞, ∗ 𝑥,	 where	 𝑞,	 is	 the	 specific	
substrate	consumption	rate	(g	substrate/g	cells,	h),	and	𝑟1 = µ ∗ 𝑥,	where	µ	is	the	specific	growth	rate	
(h-1).	Equation	(1)	and	(2)	are	the	dynamic	expressions	of	cells	and	substrate	in	the	continuous	cultures	
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studied.	If	steady-state	is	assumed,	there	is	no	overall	change	in	the	mass	of	cells	nor	substrate	over	
time	in	the	defined	system,	thus	the	derivatives	become	zero.	For	cells,	this	gives	following	equation:	

𝑑 𝑥
𝑑𝑡

= 0 = 𝑥 ∗ (µ −
𝐹
𝑉K
)	

µ =
𝐹
𝑉K
= 𝐷	 (3)	

Where	𝐷	is	defined	as	the	dilution	rate	(h-1).	Thus,	in	steady-state,	the	growth	rate	is	only	determined	
by	the	dilution	rate,	which	is	set	by	the	flow	rate	and	liquid	volume.		

The	steady-state	expression	for	substrate	is	as	follows:	

𝐹
𝑉K

𝑠() − 𝑠 = 𝑞,𝑥	

A	 biomass	 yield	 constant	 is	 defined	 as	 a	 ratio	 of	 the	 rates	𝑌"# =
2
3]
,	which	 is	 substituted	 in	 above	

equation.	At	steady-state,	equation	(3)	can	be	used	to	substitute	the	specific	growth	rate	accordingly:	

𝐷 𝑠() − 𝑠 =
𝐷
𝑌"#

𝑥	

𝑥 = 𝑌"# ∗ 𝑠() − 𝑠 	 (4)	

The	 biomass	 concentration	 is	 thus	 only	 dependent	 on	 the	 biomass	 yield,	 ingoing	 substrate	
concentration	and	the	substrate	concentration	in	the	liquid	fraction.	The	Monod	equation	for	growth	
on	a	limited	substrate	can	be	used	to	relate	the	substrate	concentration	to	the	specific	growth	rate:		

𝜇 =
𝜇	/01 ∗ 𝑠
𝐾, + 𝑠

	

Where	𝜇	/01	is	the	maximum	specific	growth	rate	(h-1)	and	𝐾,	is	the	substrate	concentration	for	which	
𝜇 = 2	^_`

a
,	which	can	be	used	to	describe	the	cells	affinity	for	the	substrate.	At	steady-state,	𝜇 = 𝐷	and	

𝑠	can	thus	be	expressed	in	𝐷:	

𝐷 =
𝜇	/01 ∗ 𝑠
𝐾, + 𝑠

	↔ 𝑠 =
𝐾, ∗ 𝐷

𝜇/01 − 𝐷
	 (5)	

Equation	(4)	relates	the	substrate	concentration	to	the	cells	affinity	for	the	substrate	and	its	maximum	
specific	 growth	 rate	on	 the	 substrate.	 Substitution	 in	 equation	 (4)	with	 (5)	 gives	 an	expression	 for	
biomass:	

𝑥 = 𝑌"# ∗ 𝑠() −
𝐾, ∗ 𝐷

𝜇/01 − 𝐷
 (6)	
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Calculation	of	specific	growth	rate	over	time	in	continuous	cultivation	
To	investigate	how	the	population	of	cells	grow	in	the	continuous	culture	of	this	work,	it	is	of	interest	
to	plot	the	growth	rate	towards	time.	Steady-state	conditions	cannot	be	assumed	during	the	whole	
cultivation,	 instead	 the	 dynamic	 expression	 for	 cells	 must	 be	 used.	 From	 equation	 (1),	 µ	 can	 be	
expressed	with	equation	(7)	below.	

µ =
F
𝑉K
+
1
𝑥
∗
𝑑 𝑥
𝑑𝑡

	 (7)	

In	the	present	work,	𝐹 = 0.03	𝑙/ℎ	and	𝑉 = 0.3	𝑙.	The	biomass	𝑥	was	inferred	as	OD850	and	the	derivate	
Q 1
QI

	was	calculated	as	∆1
∆I
	with	∆𝑡 = i

j
	hours.	Lower	∆𝑡	values	gave	a	noisier	curve.	The	calculation	was	

performed	in	Matlab	for	a	time-frame	where	OD850	values	were	stable.			

Calculation	of	biomass	yield	in	steady-state	on	a	carbon	basis	
At	steady-state,	𝑌"#	can	be	calculated	using	a	rewritten	form	of	equation	(4).		

𝑌"# =
𝑥

𝑠() − 𝑠
	 (8)	

To	calculate	it	on	a	carbon	basis,	total	organic	carbon	(TOC)	measured	in	washed	cell	pellets	was	used	
as	 carbon	 concentration	 in	 biomass	 (gC/l).	 Substrate	 concentrations	 were	 recalculated	 into	 mass	
carbon	per	liter	(gC/l),	𝑠k ,	using	equation	(9)	

𝑠k =
𝑛k ∗ 𝑀k

𝑀m
,Hn,Io0Ip ∗ 𝑠	 (9)	

Where	s	is	the	substrate	concentration	obtained	from	HPLC	analysis	(g/l),	𝑛k 	is	the	number	of	carbon	
atoms	in	the	structural	formula	for	the	substrate	(6	in	glucose	and	fructose,	12	in	cellobiose),	𝑀k 	=	
12.01	g/mol	is	the	atomic	mass	of	carbon,	𝑀m

,Hn,Io0Ip.	is	the	molecular	weight	of	the	substrate	(180.16	
g/mol	for	glucose	and	fructose,	342.30	g/L	for	cellobiose).	
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5.3. Appendix	C.	Calculation	of	maximum	specific	growth	rate	and	lag	time	in	96-well	plate	
reader	experiment	

The	objective	was	to	calculate	specific	maximum	growth	rate,	𝜇/01,	and	lag	time	on	batch	cultures	
grown	anaerobically	in	a	96-well	plate	at	55	oC.	The	plate	reader	measured	optical	density	(OD)	at	600	
nm	every	3	min	after	shaking	the	plate	in	a	linear	fashion	at	“medium”	setting	for	30	s.	As	the	plate	
was	covered	with	a	plastic	adhesive	film,	water	evaporation	was	minimal	and	in	this	case	neglected	for	
the	simplicity	of	calculations.	Thus,	constant	volume	is	assumed.	Concentration	of	cells,	𝑥,	can	then	be	
described	by	equation	(1)	in	Appendix	B	and	with	no	outflow	in	batch	cultures,	following	equation	is	
derived:	

𝑑 𝑥
𝑑𝑡

= 𝑥 ∗ µ	

The	ordinary	differential	equation	above	is	solved	by	separation	of	variables.	The	solution	is	as	follows:	

𝑥 = 𝑥q ∗ 𝑒2∗I	

Where	𝑥q	 is	the	starting	biomass	concentration	at	time	t	=	0	and	µ	 is	the	growth	rate.	To	calculate	
maximum	growth	rate,	𝜇/01,	the	logarithm	of	biomass	was	plotted	against	time.	A	linear	curve	was	
then	fitted	to	the	exponential	phase,	with	the	slope	equal	to	𝜇/01,	as	seen	in	equation	(10).	

ln 𝑥 = ln 𝑥q + 𝜇 ∗ 𝑡	 (10)	

OD	can	be	used	as	a	biomass	measure.	A	4-h	window	with	maximum	slope	was	found	and	used	to	
calculate	𝜇/01.	

The	lag	time,	𝑡t0u,was	defined	as	the	time	between	inoculation	and	exponential	phase.	The	calculated	
inoculation	OD	was	0.007	for	each	isolate	(data	not	shown).	To	calculate	the	lag	time,	a	fixed	point	in	
the	 exponential	 phase	was	 chosen.	 In	 this	 case	 ln 𝑂𝐷0 	 =	 -1.5	 at	 time	 𝑡0	was	 found	 to	 be	 in	 the	
exponential	 phase	 for	 all	 growths.	 Then,	 using	 the	 known	 growth	 curve	with	𝑂𝐷q = 0.007,	 it	was	
possible	to	calculate	how	long	time,	theoretically,	it	took	the	culture	to	grow	from	0.007	to	the	chosen	
point	𝑂𝐷0.	If	that	time	is	called	𝑡p1x,	then	the	lag	time	is:	

	 𝑡t0u = 𝑡0 − 𝑡p1x	 	
This	assumes	that	the	inoculation	OD	only	corresponds	to	viable	cells,	which	might	not	be	the	case.	
According	to	equation	(10),	𝑡p1x	can	be	expressed	in	growth	rate	and	OD.		

𝑡p1x =
ln 𝑂𝐷0 − ln 𝑂𝐷q

µ
=
−1.5 − ln 0.007

µ
	

Which	gives	equation	(11)	for	the	lag	time.	

𝑡t0u = 𝑡0 −
−1.5 − ln 0.007

µ
	 (11)	

Isolate	7A	is	used	as	a	calculation	example.	The	maximum	growth	rate	for	one	replicate	was	0.29	h-1	
(Figure	13).	It	was	found	that	𝑡0=	32	h	for	ln 𝑂𝐷0 	=	-1.5	based	on	the	growth	curve	(data	not	shown).	
Insertion	in	equation	(11)	gives	a	lag	time	for	7A	of	21	h.		 	
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